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I. INTRODUCTION 
During the past two decades, the investigations of the causes and 
mechanisms involved in the failure of nuclear materials have been prompted 
by the surging technological development in the nuclear industries. One 
of the most common and actively investigated material failures is the 
phenomenon of fuel rod pellet-cladding interaction (PCI) in light water 
reactor (LWR) where stress-corrosion-cracking (SCC) of Zircaloy is 
considered to be directly induced by fission products.^ Two types of 
nuclear-grade zirconium-based alloys, namely Zircaloy-2 and Zircaloy-4 
(both contain zirconium, tin, iron, and chromium, but only Zircaloy-2 
contains nickel), have been introduced in fuel designs. Essentially, 
these two alloys combine similarly desirable nuclear, physical and 
mechanical properties; however, their compositions are slightly different 
in the contents of minor components iron and nickel.^ 
Since the earliest work by Rosenbaum, Davies and Pon,^ laboratory 
(out-of-pile) and in-reactor experiments designed to elucidate the 
mechanism of SCC have concentrated almost exclusively on iodine as a 
reactant, and laboratory tests and fractography of the cracks symptomatic 
of PCI have established that iodine induces SCC of Zircaloy that is 
indistinguishable from in-pile results.The process presumably 
involves unidentified zirconium iodides. However, the fission yield of 
cesium is many times greater than that of iodine and because of the great 
stability of Csl, essentially all of the iodine released from UO2 fuel 
after fuel burn-up has been postulated to be inactivated in the form of 
Csl.^~® Thus, the possible involvement of Csl in SCC led to the study of 
reduced phases in the ternary Csl-Zrl^-Zr as well as the binary Zrl^-Zr 
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systems by Guthrie.* However, the amount of cesium actually present at 
the interface between fuel pellet and cladding or available to form Csl is 
apparently also determined by such factors as the formation of cesium 
uranates and molybdates, which have been observed in the post-irradiation 
fuel and widely investigated.10*11 There have been numerous controversial 
reports in the literature regarding the role Csl played in the process of 
SCO failure of Zircaloy in LWR. Shann and Olander concluded that Csl was 
not an SCC agent for Zircaloy failure in out-of-pile tests,1% whereas 
Konashi and coworkers estimated that the partial pressure of iodine at 
400°C under radiation conditions of an operating LWR fuel rod was 10"^ 
atm. and capable of inducing SCC.13 
On the contrary, Une concluded that in-pile radiation of fast neutron 
flux (BxlQlG neutrons/m^ sec, E> 1 Mev) on Csl at 300+30°C in the absence 
of fuel would not cause iodine-induced SCC.14 Hofmann and Spinol^ later 
reported that in the presence of sufficient oxygen potential and with the 
possible formation of ternary cesium oxometallates, Csl may cause low 
ductility failure of Zircaloy-4 at 673-770°C. Primarily, this was based 
on both out-of-pile burst experiments and thermochemical estimations. 
Recently, Cox, Surette and Wood 1^ have proven, based on the electron 
microscopic and metallographic evidence, that at 300-400°C cracking of 
stressed Zircaloy induced by irradiated Csl can occur provided that there 
exists a transport path for the iodine from the Csl to the stressed 
Zircaloy surface with a mechanism analogous to the fused salt/halogen 
vapor cracking of titanium alloy.1^ 
When this work was initiated, little attention had been focused on 
the interaction between Csl and the Zr02 which is always found on the 
inner wall of Zircaloy cladding. The following reaction was first 
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proposed by Corbett in 1981^® 
4 Csl(g) + 3 Zr02(s) = 2 Cs2Zr03(s) + Zrl4(g). 
Preliminary experimental investigations^^ on the above reaction in the 
early stage of this research indicated that there were likely to be 
several difficulties in the above reaction under laboratory conditions. 
For instance, possibly, high kinetic barrier due to diffusion-controlled 
processes or the lack of the formation of thermodynamically very stable 
products failed to provide a driving force. Since reaction temperature 
similar to that in a reactor (i.e., temperature at the inner wall 390-
400°C) is of great interest, a long duration for the reaction was in fact 
required. Thus, the low yield of zirconates from reaction of Csl and Zr02 
was inevitably expected and experimentally observed. 
However, based on the estimated enthalpies and entropies of formation 
of alkali metal zirconates reported by Kohli,^^ the ÛHf° and ASf® were 
estimated to be -1748.20 kjmol"^ and 197.58 jK~^mol~^ respectively. An 
estimation based on these thermodynamic data in combination of those of 
Csl(g)21, Zr02(s)22 and Zrl^Cg)^? gives -42.45 kcalmol"^ as the enthalpy 
of reaction for the above proposed equation at 298°K. This clearly 
supports the spontaneity of the above proposed reaction at 298°K and also 
at higher temperatures. 
Unsuccessful (low yield) preparations of cesium zirconates in 
reactions of Csl-Zr02 and Csl-Zr02-Zr immediately prompted direct 
synthesis of zirconates starting from binary oxides. Systematic 
investigations on the systems of Cs20-Zr02 in reactions such as CsNOg-
Zr02, Cs2C03-Zr02> Cs02-Zr, Cs-Zr-02, and Cs-Cs02-Zr02 were soon 
initiated. 
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Prior to the beginning of this research on cesium zirconates, a 
number of alkali-metal zirconates had been reported but generally poorly 
characterized. As early as 1896, Venable and Clarke claimed the formation 
of KgZrgOy, K^ZrgOii from fusion reactions of K^COg, KOH or 
K2O with Zr02.23 In 1959, Lehmann and Erzberger^^ reported the 
preparation of new phases such as M^ZrOg, M^ZrO^, MgZrOg and M2Zr205 in 
the M20-Zr02 systems (M = Li, Na, K and Rb) from corresponding reactions 
of M2O, M2CO3 or MOH with Zr02. However, powdered products were obtained 
for all phases except K2Zr205, and their characterization as to 
composition appeared to be ambiguous. 
Li2Zr03 was then reported independently by Dittrich and Hoppe^S, 
Hoppe^G, and Kutolin et al.^^ from stoichiometric amounts of Li20 and Zr02 
at 900°C under oxygen atmosphere. But the lithium positions were not 
determined in the single crystal structural study by Dittrich and Hoppe.^G 
Instead, the authors proposed the ideal lithium atom positions based on 
the calculations of the Madelung part of the lattice energy. A powdered 
compound LigZrOg was also made from Li20 and Zr02 at 900°C and reported 
independently by Keller^® and Hauck^^ in 1969. 
Two modifications of Na2Zr03 were synthesized as powders and by 
Lang^® from Na^CO^ and Zr02 (1.1:1) at 800-900®C and by Claverie, 
Fouassier, and Hagenmuller^l from stoichiometric amounts of Na20 and Zr02 
at 500°C. In the case of potassium zirconates, Tournoux and Hagenmuller 
claimed to make and K^iZrgO?^^ as powders all 
starting from corresponding amounts of KNO3 and Zr02 at above 850°C and 
finally at 1100®C for few hours under nitrogen atmosphere. These were all 
characterized by powder patterns. Gatehouse in 1970 was able to obtain 
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single crystals of and P-K2Zr20536>37 from reactions of KNO3 or 
K2O with Zr02 at 1000-1050°C under a N2 atmosphere. The compound 
should be considered the first structurally well characterized zirconate 
with five-coordinate zirconium in the form of strings of slightly 
distorted, edge-sharing square pyramids of ZrOg. The compound g-K2Zr205 
was composed of condensed chains of alternating face and edge-sharing ZrOg 
octahedra which doubled up to allow corner-sharing of octahedra. 
Synthesis of powdered Rb2Zr03 from Rb20 and Zr02 at 550-600°C in a silver 
bomb was also reported by Hoppe and Seeger^B in 1970. 
Investigations of cesium zirconate were not published until 1979 
presumably because of the difficulty in synthetic techniques. 
Alyamovskaya and Chukhlantsev claimed the successful synthesis of Cs2Zr03 
from reactions of ZrSiO^ with Zr02 in a CsOH melt at 800-1000°C in silver 
or nickel crucibles, the final product being obtained by leaching cesium 
silicates from the product with water.39 Their work is considered 
unreliable and erroneous because any known cesium zirconate would not 
survive hydrolysis. In a private communication of 1983 to Corbett, 
Hoppe^O indicated that Cs2Zr03, isostructural with Cs2Pb03,^^ was 
synthesized in a silver bomb by Seeger in 1969 by reacting Csg.gO with 
Zr02 at 580°C for 2 days. Nevertheless, it has not been reported or its 
crystal structure determined. 
Although single crystals of several of the above zirconates (e.g., 
Li2Zr03, K2Zr03, and K2Zr205) were obtained by the authors described 
above, their yields were rarely noted, the compositions were uncertain, 
and the thermal stabilities were poorly characterized. Presumably, the 
syntheses in some of the above routes were hampered by the formation of 
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only thin layers of zirconates that coated the surface of Zr02 particles. 
In addition to this synthetic problem, the inherent instability of 
Cs2042'43 (i.e., decomposition into cesium and CS2O2 above 500°C) in the 
course of reaction and a possible lack of an inert container (e.g., silver 
or gold) made the synthesis difficult and different from those of other 
alkali metal zirconates. 
The investigations on the Cs-Zr-02 and Cs-Cs02-Zr02 reactions have 
provided new routes to synthesize four new zirconates in decent yields. 
The success in synthesizing new zirconates has enabled the study of their 
structures and thermal stabilities. Samples have also been provided for 
measurements of thermochemical data which should be factored into 
calculations on fission product distributions. It is the author's hope 
that the reader will gain some knowledge of the relevance of these cesium 
zirconates to the fission product chemistry involved in the process of 
stress-corrosion-cracking, and this research may provide some insight and 
guidance for future synthetic research on alkali-metal zirconate system. 
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II. EXPERIMENTAL METHODS 
A. Starting Materials 
1. Cesium iodide 
Analytical-reagent-grade Csl purchased from Aldrich Chemical Co. 
(99.9 X) was dried at low temperature (100°C) under high vacuum and then 
sublimed in a fused silica tube before use. The iodide was then sealed in 
glass ampoules or stored in capped glass vials in a nitrogen-filled glove 
box where the reactions were usually loaded. 
2. Zirconium metal 
Reactor-grade zirconium metal (<500 ppm Hf), cold-rolled to between 
15 and 20 mil, was obtained from F. Schmidt of the Ames Laboratory. The 
metal sheet was cut into strips and was cleaned with a solution of 45% 
conc. HNO3, 45% H2O and 10% conc. HF. The strips were then immediately 
rinsed with distilled water and with acetone and finally air-dried. 
Zirconium powder was prepared by hydrogenating precleaned zirconium 
strips. These were contained in an Mo boat within a fused silica tube at 
550-600°C for about 10 hours until hydrogen up-take ceased. The 
embrittled metal strips (ZrH^, x-2.0) were transferred into the glove box, 
then ground in a clean steel mortar and pestle until the powder passed 
through a 200 mesh screen. The powder was then transferred to a Ho boat 
for dehydrogenation by slowly heating in a 10~^-10~^ torr dynamic vacuum 
from 350° to 750°C. The vacuum system was below Tesla coil discharge 
before the temperature was raised each 50®C step starting from 350°C. 
Above 750°C the metal powder tends to sinter. The lattice parameters of 
the resulting zirconium powder determined from Guinier diffraction pattern 
with Si as an internal standard and LATT program were within 3a of those 
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reported for Zr.44 This ensures a minimum amount of impurities present in 
the material. 
3. Zirconium oxide 
Because of the inertness of zirconia and the problem of surface 
blockage in the course of reaction, Zr02 with high surface area was 
desired. This was synthesized by precipitating white, gel-like hydrous 
zirconium hydroxide by the addition of concentrated ammonia to an acidic 
solution of Zr0Cl2*8H20 (Hf<150 ppm) furnished by Dr. R. Hansen of the 
Ames Laboratory. The product was then suction-filtered through a fine 
frit and washed with a large amount of water to free the material of 
residual Cl~. The chloride was checked by adding dilute AgNOg solution to 
the filtrate before the residue was dehydrated at 400°C. X-ray 
fluorescence analysis later showed that the Zr02 so prepared was 
contaminated with trace amounts of boron and silicon (< 20 ppm) which 
might have been present in the concentrated ammonia solution or the 
Zr0Cl2*8H20. 
4. Cesium 
The cesium metal with a gold luster purchased from Aesar Chemicals 
(99.98%, m.p. 28°C) was used to prepare a-Cs02> a starting material in 
some of the reactions. The cesium came packed in sealed Pyrex ampoules 
under argon. Great caution had to be taken when handling cesium, because 
it oxidizes rapidly in the air and may ignite spontaneously in moist air. 
After the ampoule was opened in the dry box (H2O - 1-2 ppm), the metal was 
melted within the container by the heat of the hand and poured into a 
glass vial which was then tightly capped and stored in a Mason jar. Even 
when stored in the dry box, metallic cesium underwent oxidation with a 
change of color in the sequence 
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golden(Cs) ^  bronze luster(Cs70) ^  permanganate-like 
violet(Cs40 or CsiiOg @20°C) -> bluish green luster(Cs3,igO) 
-* blackCCsgO). 
Normally each batch of Cs was used up within three days to prevent further 
oxidation in the dry box. Since this work mainly investigated new 
compounds in the ternary Cs-Zr-O system, no further distillation of the 
cesium or its separation from any of the cesium suboxides was carried out. 
5. <x-Cesium superoxide 
The orange-yellow Cs02 was synthesized by reaction of cesium and 
oxygen at 400-450°C under a steady stream of oxygen in a silver crucible 
which was jacketed with fused silica and heated in a short tube furnace. 
The crude yellow and black product was formed in a wax-like melt. After 
thorough grinding the blackish powder was rereacted under the same 
condition. Normally the third oxidation was carried out to assure 
complete conversion. The yield was estimated to be close to 100% based 
upon the powder pattern. Although a g-Cs02 has been reported in the 
literature,46 only =-Cs02 was ever observed in this work. 
6. Oxygen and argon 
Both oxygen and argon used in this work were in 99.5% purity (Air 
Products, Allentown, PA). Oxygen mixed with argon was used particularly 
in the synthesis of Cs2Zr03 to suppress the violent oxidation of powdered 
zirconium in the presence of cesium arising from the large heat of 
reaction. Before being introduced to the reaction system, the gas mixture 
was allowed to pass through a drying tower containing fresh molecular 
sieves to remove moisture which would form the undesired CsOH. 
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7. CsNOq and Cs^COg 
Reagent-grade CsNOg (99.99%) and CS2CO3 (99.9%) were purchased from 
Alfa Chemicals and were reacted with Zr02 in the early stage of this 
research in attempted syntheses of cesium zirconates. The compound CS2O 
is formed from the decomposition of CsNOg or CS2CO3 and was expected to 
react with Zr02 in situ. The nitrate and carbonate were both dried under 
vacuum before use. 
B. Synthetic Techniques 
1. General 
The syntheses of cesium zirconates are complicated by the 
hygroscopic, hydrolytic, and high reactivity properties of the reactants 
as well as, in part, the products. Each of the zirconate phases described 
in this work will readily hydrolyze into CsOH and hydrous Zr02 on contact 
with moisture in the air, whereas cesium may ignite spontaneously and form 
the corrosive CsOH when exposed to the air. Thus the materials used in 
this work required that transfers and manipulations to be carried out 
using dry box and vacuum line techniques. The dry box was constantly 
purged with dried nitrogen or argon which was circulated through separate 
vertical columns of Molecular Sieves and the oxygen scavenger Redox. This 
and a tray of P4O10 i" the dry box typically reduced the moisture content 
to 1-5 ppm. The amount of oxygen was not quantitatively determined, but 
as a regular check-up, a 60-watt light bulb without glass burned for 30-50 
minutes. A Pyrex vacuum line with a mercury diffusion pump was used for 
evacuation of sample tubes, sublimation, distillation, hydrogénation and 
dehydrogena t i on. 
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2. Containment 
Containment of synthetic reactions has been a challenge throughout 
this research. Various types of metal or non-metal containers (e.g., 
porcelain, tantalum, zirconium, silver and finally gold) have been 
considered and practically employed. A great amount of experimental work, 
has established information that is relevant to the choice of suitable 
container and is described below. 
Porcelain crucibles used for reactions of CsNOg or CS2CO3 with Zr02 
were badly attacked by strongly alkali metal oxide melts giving samples 
that were contaminated with silicates and aluminates from the crucible. 
In one occasion nickel crucibles were used for reactions of CsOH and Zr02 
under argon atmosphere because of its resistance to strong hydroxide 
melts. Tantalum and zirconium containers were not completely inert to 
cesium zirconates because of the formation of Zr02 and cesium tantalates 
at temperature above 800°C in the former and Zr(Ojj) and Zr02 at above 
820°C in the latter. Silver tubing was found attacked and embrittled by 
Zrl4 at temperature of 200-500°C with the formation of AgZrgl^^? and Agi. 
Fortunately, silver was found suitable for reactions of Cs-Cs02-Zr02, Cs-
Zr-02, and Cs02-Zr, whereas gold is particularly good for reactions such 
as Csl-Zr02 and Csl-Zr02-Zr systems. The inertness of the above two types 
of containers for different systems was determined by visual examinations 
and emission spectral analyses. 
Once the container was chosen, cleaning to avoid contamination became 
an important task. Tantalum tubing (5 cm x 0.95 cm o.d.) was placed in 
cleaning solution (55% concentrated H2SO4, 25% concentrated HNO3, and 20% 
concentrated HP, by volume) for 30 seconds to a few minutes until the 
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tubing was judged to be sufficiently clean. The tubing was then rinsed 
with distilled water several times, followed by rinsing with acetone -and 
was dried in an oven at 100°C. Silver tubing (0.94 cm o.d., 0.064 cm wall 
thickness, purchased from Engelhard Metals Co., NJ) was cut from a 40 cm 
stock using a plumber's tubing cutter. The tubing was then washed with 
dilute HNO3 for 1-2 minutes, rinsed with distilled water and finally with 
acetone before drying at 100°C. 
Gold tubing (4 cm x 0.95 cm o.d. x 0.06 cm wall, withdrawn from the 
USDOE precious metal stockpile and fabricated by Johnson-Mathey Products 
Co., PA) was first placed in aqua regia for 30 seconds to one minute until 
fast bubbling occurred, rinsed with distilled water and dried in the oven 
at IOOOQ. 
After drying, one end of all types of tubing was crimped in a vise 
éind was then welded in an arc-welder under helium atmosphere. The 
reactants were weighed in the dry box on an electronic balance (+ 1 mg) 
and loaded in the tube, then the open end of the tubing was crimped closed 
with a pair of Vise-Grip pliers. The tubing was then placed into a sample 
bottle, which was tightly closed and rapidly transferred to the arc-
welder. After welding, the gold tube was subsequently placed in a silica 
jacket, attached to the vacuum line and evacuated for reactions of Csl-
Zr02 and Csl-Zr02-Zr. For reactions of Cs-Cs02-Zr02 and Cs02-Zr, the 
silver tubing was loaded in a silica jacket, then attached to vacuum line, 
flamed with a gas-oxygen torch, partially filled with argon, and sealed 
off. 
The various jackets with appropriate metal containers were then 
placed into Marshall or tube furnaces for one or two weeks for Cs-Cs02-
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Zr02 or Cs02-2r reactions, and for 40-60 days for Csl-Zr02 or Csl-Zr02-Zr 
reactions. For reactions requiring a temperature gradient, three-zone 
Lindberg furnaces were used. The temperatures of the furnaces were 
accurately regulated by Honeywell solid-state, proportional controllers 
and monitored by a chromel-alumel thermocouples attached to the outside of 
the silica jackets. Reactions were generally air-quenched. 
Once the reactions were completed, all of the containers were opened 
in a dry box equipped with a nearly horizontal window and binocular micro­
scope mounted above the window which allowed for careful examination of 
reaction products. When possible, single crystals of new compounds with 
size smaller than 0.3 mm were mounted into 0.2 or 0.3 mm o.d. Lindeman 
glass capillaries, which were temporarily sealed with grease. Once 
outside the dry box the capillaries were sealed with a microtorch and the 
end covered with Apiezon wax. Products of interest were also ground into 
fine powder in a mortar for identification by powder diffraction. 
Valuable materials from reactions were stored under vacuum in sealed glass 
ampoules. 
3. Reactions 
The representative reactions in different routes used to synthesize 
cesium zirconates will be illustrated below. 
a. The reactions of CsNO^-ZrO?, Cs^CO^-ZrO? and CsOH-ZrO? 
Attempts to synthesize in situ cesium zirconates first started from CsNOg, 
CS2CO3 or CsOH and Zr02. Typical reactions with stoichiometric or excess 
amounts of CsNOg, CS2CO3, or CsOH were investigated at 600-1000°C in 
porcelain, nickel or silver crucibles under dry N2 or Ar atmosphere. 
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In principle, CS2O generated from the decomposition of nitrate and 
carbonate can react with Zr02 to form cesium zirconates. On the other 
hand, CsOH can serve as both a melt and a reactant presumably to give 
cesium zirconates. The reactions proposed can be expressed as follows: 
2 CSNO3 + Zr02 = Cs2Zr03 + 2 N02(g) + 1/2 02(g), 
CS2CO3 + Zr02 = Cs2Zr03 + C02(g), and 
2 CsOH(l) + Zr02 = Cs2Zr03 + B^OCg). 
However, based on the products identified by powder pattern only the last 
reaction produced Cs2Zr03 and in about a 50% yield at 600-650°C in a 
nickel or silver crucible based on the product identified by powder 
pattern. Primarily, such factors as the uncertain decompositions of CSNO3 
and CS2CO3 and the high volatility and thermal instability of CS2O 
contributed to the unsuccessful preparations. 
A series of pyrohydrolytic reactions of Cs2ZrIg^® were also 
investigated at 250-860°C in porcelain crucibles with argon gas as a 
steam-carrier. The overall reaction can be expressed as 
Cs2Zrl6(s) + 3 H20(g) = Cs2Zr03(s) + 6 HI(g) 
with argon gas as a steam-carrier. These reactions were also found to be 
unsuccessful in giving Cs2Zr03. Instead, they gave Csl, Zr02 and HI as 
products. 
b. The CsI-ZrO? and Csl-Zr0?-Zr reactions As described earlier 
in INTRODUCTION, the reactions of Csl and Zr02 were considered mimics of 
those involved in the reactor PCI process. Because of low yield and high 
kinetic barrier, metallic zirconium was also added to provide a driving 
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force to the formation of Cs2Zr03 by consuming Zrl^ in the hot end of the 
two- or three-compartment reaction vessels. The experimental conditions 
for reactions of Csl-Zr02 (one zone), Csl-Zr02/Zr (two zone), and 
Csl/Zr02/Zr (three zone) in various containers (e.g., tantalum, silver and 
gold) are given in Table 1. 
The following reactions illustrate the chemistry in the two- and 
three-compartment systems: in the middle zone of three-compartment or in 
the cold zone of the two-compartment vessel, 
4 Csl(g) + 3 Zr02(s) = 2 Cs2Zr03(s) + Zrl4(g), 
in the hot end of either the two- and three-compartment vessels, 
X Zrl^Cg) + (4-x) Zr(s) = 4 Zrlx(s) (x<4), and 
in the cold end of the three-compartment vessel, 
2 Csl(s,l) + Zrl4(g) = Cs2Zrl6(s). 
The Cs2ZrIg generated from the reactions in Table 1 and left-over Csl 
can be separated by sublimation from Zr02 and Cs2Zr03 because of the 
significant difference in vapor pressures and the high thermal stability 
of Cs2Zr03. 
The products were first ground and then loaded in a 7-cm-long 
tantalum, silver or gold crucible which was contained in an open-ended 15-
cm-long fused silica tube for sublimate to condense on. This assembly was 
then inserted into a 33-cm-long silica jacket for the sublimation. In the 
later stages of this research both tantalum and silver were found 
unsuitable for containment because of reactions of Cs2Zr03 with tantalum 
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Table 1. Experimental conditions for reactions of Csl-Zr02 and 
Csl-Zr02-Zr in sealed tantalum, silver and gold containers 
Reactions^ Csl/Zr02/Zr Molar Ratio Temperature Duration 
T-# S-# G-#b mg, loaded CsI:Zr09:Zr (°C) (days) 
1 - 325/1250/0 1:8.11 810 36 
2 1 1 325/1250/0 1:8.11 710 44 
3 2 2 325/1250/0 1:8.11 610 44 
3 3 325/1250/0 1:8.11 500 44 
4 4 325/1250/0 1:8.11 400 44 
4 90/1260/0 1:29.8 810 44 
5 5 5 90/1250/0 1:29.3 610 44 
6 90/1250/0 1:29.3 500 44 
6 7 90/1250/0 1:29.3 400 44 
7 40/1250/0 1:66.0 810 37 
8 40/1250/0 1:66.0 710 44 
9 8 6 40/1250/0 1:66.0 610 44 
10 9 40/1250/0 1:66.0 500 44 
10 325/1250/331 1:8.11:29.0 700H675 44 
11 155/1143/1357 1:15.6:25.0 8124788 37 
12 217/1780/1530 1:17.3:20.1 850H632 50 
13 260/1800/2154(24): 1:14.6:23.6 7654750 51 
^T, S and G indicate reactions run in tantalum, silver and gold 
tubing, respectively. S-10 is a two-zone and T-11, 12, and 13 are all 
three-zone reactions. 
^Number of reactions in various containers. 
^Mg of graphite loaded in the hot end of the three-zone reaction. 
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at above 800°C and Zrl^ with silver at 250-500°C. Finally they were 
substituted by gold. 
Sublimation was carried out by slowly increasing the temperature to 
550°C during a 5-6 hour period, holding at 625°C for another 6 hours, and 
finally finishing at 650°C for 24 hours, all under a dynamic vacuum. No 
detectable decomposition of Cs2Zr03 was observed at below 800°C in vacuo 
as was empirically proven in other experiments. The compound Csl is also 
fairly mobile with aui estimated vapor pressure of 0.23 torr at 650°C,^^ 
which is much greater than that of the background (approximately 10"^ 
torr). The presence of Zrl^ was also evidenced by the fact that the 
amount of orange Cs2ZrIg formed in the cold end (three-zone reactions) and 
yellowish material condensed on the collecting silica piece increased with 
increasing temperature or duration of sublimation. 
c. The reactions of Cs-Zr-O?, Cs-CsO^-ZrO? and CsO^-Zr The 
representative reactions in these systems are summarized in Table 2. The 
reactions of Cs-Zr-02 (in silver crucible), Cs-Cs02-Zr02 and Cs02-Zr (in 
sealed silver tubing) were initiated because of the low yields and 
difficulties in syntheses of zirconates described earlier. Essentially, 
surface blockage of Zr02 by a protective layer of zirconate and high 
volatility and easy decompositon of CS2O were considered the most serious. 
The Cs-Zr-02 system was investigated at temperatures below 750°C in a 
silver crucible contained in a fused silica jacket. The compound Cs2Zr03 
was produced in larger than 95% yield by slowly heating stoichiometric 
amounts of cesium and powdered zirconium from ambient temperature to 700°C 
under oxygen-argon atmosphere during a one-week period. Normally a small 
amount of contaminant CSO2 was volatilized from the product at 750°C for 
5-6 hours, and the residue then gave a clean powder pattern. 
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Table 2. The conditions of representative Cs-Zr02» Cs-Cs02-
Zr02 and Cs02-Zr reactions to synthesize cesium 
zirconates 
Reaction Starting^ 
materials 
Molar ratio 
Cs:Zr 
Conditions Products 
(yield) 
la Cs,Zr(p),02 2:1 600-700OC, 
1 week 
CS2Zr03 (>95%) 
lb Cs,Zr(p),02 4:1 600OC, 
1 week 
Cs2Zr03, Cs02 
2a Cs,Cs02»Zr02 2:1 400-650OC, 
3-7 days 
Cs2Zr03 (-100%) 
2b Cs,Cs02,Zr02 4:1 400-650OC, 
4-10 days 
Cs4Zr04 (-100%) 
2c Cs,Cs02,Zr02 3:2 5220c,18 days 
650Oc,7 days 
CZ-3b(<40%), 
CZ-4b(<50%), 
and Zr02(>10%) 
2d Cs,Cs02»Zr02 6:1 or 
8:1 
600OC, 
1 week 
Cs^ZrO^, CS2O 
2e Cs,Cs02>Zr02 1:1 650-750.OC, 
1 week 
Cs2Zr03, Zr02 
2f Cs,Cs02,Zr02 4:7 650-700OC, 
1-2 weeks 
CZ-4b(50%),Zr02 
3a Cs02,Zr(p) 2:1 500-600OC, 
1 week 
Cs2Zr03, O2 
3b Cs02,Zr(p) 4:1 500-600OC, 
1 week 
Cs2Zr03,Zr02,Zr 
and O9 
^Powdered zirconium used in all reactions involved zirconium 
metal. 
^The third and the fourth cesium zirconates of unknown 
composition and structure. 
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The reactions of Cs-Cs02-Zr02 were allowed to proceed at 450-750°C 
for one to two weeks in welded silver tubing jacketed in an evacuated and 
sealed silica tube. Different stoichiometries of Cs:Zr:0 as described in 
Table 2 were used in order to synthesize various zirconates. The mixture 
of reactants were ground once or twice in the course of the reaction to 
ensure homogeneity and complete conversion. The compounds of Cs2Zr03, 
Cs^ZrO^, CZ-3 (estimated to be Cs^ZryOi? by later described volume 
chemistry) and CZ-4 (estimated to be Cs2Zr205 by volume chemistry) were 
successfully synthesized. Fortunately, the limit of compositions of the 
latter two compounds can roughly be determined based on the loaded 
reaction stoichiometries and the observed products. However, the attempts 
to make "Cs2Zr205", "CsgZrOg" and "CsgZrOg" failed. The quantitative 
reactions giving cesium zirconates are summarized as follows: 
3/2 Cs + 1/2 Cs02 + Zr02 = Cs2Zr03, 
3 Cs + Cs02 + Zr02 = Cs^ZrO^. 
Another alternative to avoid surface blockage problem in forming 
cesium zirconates was the reaction of stoichiometric amounts of Cs02 with 
powdered zirconium in situ in a sealed silver container according to 
2 Cs02 + Zr = Cs2Zr03 + 1/2 O2. 
Repeated grinding of the reaction mixture again was necessary to give 
close to 100% conversion. The oxygen generated from this route was found 
to diffuse through the sealed silver containers which were extremely 
bulged after the reaction. Nevertheless, Cs^ZrO^ could not be synthesized 
by this route. Presumably the excess amount of oxygen is capable of 
converting Cs^ZrO^ to thermodynamically more stable Cs2Zr03 and CSO2. 
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C. Characterization Techniques 
1. X-ray fluorescence analysis 
As described previously, the low yield and non-equilibrium nature of 
the Csl-Zr02 and two- and three-zone Csl-Zr02-Zr reactions certainly 
requires sensitive analytical assay to characterize the products 
quantitatively as well as qualitatively. X-ray fluorescence and atomic 
absorption analyses were chosen as complementary methods simply because 
they are highly sensitive, efficient, and, most importantly, are 
accessible within the University campus. 
a. Instrument A Siemens SRS-200 wavelength-dispersive XRF 
spectrometer equipped with a chromium X-ray tube (50 Kv,50 mA), an 
evacuable specimen chamber and a scintillation counter that is located in 
the Engineering Research Institute at Iowa State University was used to 
collect the analytical data. The typical measuring conditions are 
represented in Table 3. 
b. Sample preparations When the sublimation (described in the 
section of Synthetic Techniques) was completed, separate samples of 
sublimate and residue were ground, weighed and then thoroughly mixed with 
1000 mg of spectroscopic grade, dried graphite powder (Union Carbide Co., 
NY) as an analytical matrix material in a dry glove box. The samples were 
then loaded into a cylindrical plastic holder sealed at the top by a piece 
of transparent polypropylene film and at the bottom with microporous 
polypropylene film (Chemplex Industries, NJ) such that samples were free 
from ready contact with the atmosphere but the plastic holder would not 
pop off when evacuated prior to the analysis. 
21 
Table 3. Measuring conditions for X-ray fluorescence analysis 
using Siemens SRS-200 wavelength dispersive spec­
trometer with scintillation counter 
Line Dispersion Line Background Counting 
Elements® detected crystal 20(deg) 26(deg) time(sec) 
40Zr Ko^ LiF200 22.52 23.50 20 
55CS Ka^ LiF220 16.16 16.70 20 
53I Kot]^  LiF200 12.32 11.30 20 
73Ta Loc]^  LiF200 44.42 43.35 20 
47AS LiF200 15.95 16.30 20 
79AU Lo% LiF200 36.95 36.55 20 
&The number in the subscript is the corresponding 
atomic number for each element. 
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c. Preparation of standards and calibrations Mixtures with 
appropriate reaction and product-like proportions were used as calibration 
standards for the quantification of zirconium, cesium, iodine, tantalum, 
and silver in both the sublimates and residues. Four major standards were 
prepared according to preliminary analytical results from Csl-Zr02 and 
Csl-Zr02-Zr reactions, namely, 
1. a mixture of Csl/Zrl^/C (1000/21-105/1000 mg) to quantitate 
zirconium as Zrl^ in the sublimate, 
2. a mixture of Csl/Zr02/C (2-20/50/1000 mg) to quantitate total 
cesium and iodine as Csl in the residue of Cs2Zr03 and Zr02, 
3. a mixture of Cs2Zr03/Zr02/C (2-20/1250/1000 mg) to quantitate 
cesium as Cs2Zr03 in the residue that is free of Csl, and 
4. a mixture of Csl/Zrl^/C (19-100/1-4/1000 mg) to quantitate cesium 
and iodine in the sublimates. 
In addition to the four described above, standards of Ta205/C and 
Agl/C mixtures were also prepared to determine Ta as Ta205 in the residues 
and Ag as Agi in both the sublimates and residues. 
The calibration curves for the above standards are shown in Figures 
1-8 as intensity-vs-concentration. For each calibration plot, a 
regression analysis^O was carried out based on least-squares parabolic or 
linear curve fitting using a curve-fitting program written in BASIC for an 
Apple IIc personal computer. Whichever of the two types of fitting gave 
the smaller standard deviation was adopted to determine the element of 
interest. 
In the calibration curve for zirconium in the matrix of Csl/Zrl^/C 
(Figure 1), the apparent measured intensity of zirconium Ka was likely to 
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be enhanced by iodine or Cs Ka radiation (enhancement effect).Thus, a 
positive deviation from linearity is possible. However, it can be fitted 
with smaller deviation using a linear least-squares equation. The 
calibration curves for cesium in the Csl/Zr02/C and Cs2Zr03/Zr02/C 
matrices (Figures 2 and 3) were also fitted with a linear equation. The 
observed deviation from linearity in both plots was attributed to the 
absorption of Cs Ka radiation by zirconium present in the same matrices. 
Figure 4 represents the relationship of I versus C for determination of 
iodine as left-over Csl in the residues after sublimation, which would 
otherwise lead to a higher estimation of yield of Cs2Zr03. 
Figures 5 and 6 provide calibration for determination of cesium and 
iodine in the sublimates which is useful in estimating the amount of 
material lost after sample preparation and sublimation. To investigate 
the inertness of tantalum and silver containers, two calibrations (as 
shown in Figures 7 and 8) were also carried out to determine the amount of 
tantalum or silver present in the residues or sublimates. The least-
squares fit described above generally gives a standard deviation of 5-8% 
which should be included for estimating accuracy of analytical results. 
2. Atomic absorption analysis 
The atomic absorption analytical method was used to determine the 
purity as well as the yields of Cs2Zr03 and Cs^ZrO^ from the reactions of 
Cs-Zr-02 and Cs-Cs02-Zr02 when no other compound was seen in the Guinier 
powder patterns. The analyses were also carried out on the products from 
the Csl-Zr02 and Csl-Zr02-Zr reactions to ensure the accuracy of 
analytical results from previously described XRF method. 
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a. Instrument The atomic absorption analytical data were 
collected by R. Hofer in the analytical services group at the Ames 
Laboratory using a Perkin-Elmer 2380 (X60 series) spectrometer. A hollow-
cathode lamp was used as excitation source for zirconium analytes, whereas 
an electrodeless discharge lamp was used for both cesium and silver 
analyses. To convert zirconium analyte solution to atomic vapor species, 
a nitrous oxide-acetylene flame was used, while for cesium and silver 
analyte solutions, an air-acetylene flame was required to attain the 
suitable atomization temperature. 
The sensitivity of various analyte elements also differs sharply from 
one element to another. For the same 1% absorption, analytes with 
concentrations of 400 yg/mL Zr, 0.2 yg/mL Cs and 0.06 pg/mL Ag are 
typically required under standard measuring conditions. The linear 
working range is also considered to be critical to the success of the 
analysis. The range was empirically determined, specifically for this 
model of spectrometer, to be linear up to concentrations of approxi­
mately 800 yg/mL, 15 yg/mL and 4 yg/mL of Zr, Cs and Ag, respectively, in 
aqueous solution. 
The element iodine can not be analyzed by the method of atomic 
absorption because its ground state lines fall in the far-ultraviolet 
region, out of reach of the standard atomic absorption spectroscopic 
instruments. To eliminate the effect of matrix interference and the 
effects which modify the slope of the calibration curve, all of the 
analyses were carried out using the typical standard addition method. 
b. Standards and sample preparations The stock standard 
solutions for various analytes were prepared as followings: 
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Zirconium. For a concentration of 10,000 pg/mL solution, 1 (+ 
0.001)g of powdered zirconium was placed in a polyethylene beaker together 
with 5 mL water and then concentrated HF (49%) was added dropwise to 
complete dissolution. The solution was then transferred to a calibrated 
polyethylene flask and diluted with 49% HF to 100 mL. The stock solution 
was later stored in a polyethylene bottle. 
Cesium. For a concentration of 1000 yg/mL solution, 0.643 (+ 0.001)g 
of CsCl was dissolved in 500 mL of 6N HCl prepared from deionized water 
with 0.5% of KCl (i.e., 2.500 g) added as an ionization buffer to suppress 
the ionization of cesium at the high atomization temperature. 
Silver. A silver solution of 500 yg/mL concentration was prepared by 
dissolving 0.787 g of silver nitrate, AgNOg, in 50 mL of deionized water 
and diluting to 1 liter with 1% (v/v) HNO3. This solution was then stored 
in an amber glass bottle. 
Cesium zirconates. For determination of zirconium in the two 
zirconates, 49% HF was added respectively to two polyethylene beakers 
containing 124+1 mg of Cs2Zr03 and 150+1 mg of Cs^ZrO^ to complete 
dissolution. A 25-mL aliquot of each of the above solutions was then 
transferred to a graduated polyethylene flask and diluted to 100 mL with 
49% HF. The solubilities of the two zirconates were found to be 1.60 and 
2.50 mg/mL, respectively, in 49% HF. Solutions of cesium zirconates in 
49% HF used for cesium determination were adjusted to a concentration of 
0.5% (w/w) in KCl by dissolving appropriate amount of KCl to each aliquot. 
Products from Csl-Zr02 and Csl-Zr02-Zr reactions. The purpose of 
atomic absorption analysis is to quantitatively establish the amounts of 
both Cs2Zr03 and Zrl^ formed from the above reactions. Collection of 
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sublimates and residues through sublimation-separation of the products has 
been described previously. 
The sublimates containing Csl and Zrl^ were dissolved in 49% HF 
solution in a calibrated 100 mL graduated polyethylene flask for zirconium 
determination. The residues containing mostly Zr02 and, in small 
fraction, Cs2Zr03 were treated with 100 mL 6 N HCl containing 0.5% (w/w) 
KCl (as ionization buffer) in order to release the bound cesium in Cs2Zr03 
for cesium determination. The residual Zr02 was then filtered off through 
a fine glass frit and was washed with another 100 mL 6 N HCl to assure all 
of the cesium went into the filtrate and to avoid the interference due to 
the presence of suspended Zr02 particles. 
The residues were also checked for left-over Csl, and thus I~ species 
in HCl solution, using quantitative oxidation-reduction titration.52 The 
aliquot of 25 mL analyte solution in a 250-mL Erlenmeyer flask was 
titrated with standardized KIO3 solution in the presence of 40 mL concen­
trated HCl and 5 mL chloroform. The stoichiometry of the titration 
reactions can be described stepwise in the following: 
IO3- + 5 I" + 6 H+ = 3 l2(organic phase) + 3 H2O, then 
IO3- + 2 l2(org.) + 10 CI- + 6 H+ = 5 ICl2~(aq.) + 3 H2O. 
Thus, the net reaction can be described as : 
IO3- + 2 I" + 6 CI- + 6 H+ = 3 ICI2- + 3 S2O. 
The titration end point was judged complete at the point where the 
violet-red color of I2 in CHCI3 first disappeared from the organic phase. 
To eliminate the likelihood of overtitration, one should introduce enough 
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of the analyte solution to reestablish the iodine color in the organic 
phase. Then the titration was carried out as described before. 
3. Powder X-ray diffraction 
Guinier type X-ray powder diffraction was employed throughout this 
research to identify materials, to obtain accurate lattice parameters, and 
to allow estimation of the relative yields. Diffraction patterns were 
photographically collected using an Enraf-Nonius model FR 552 Guinier 
camera equipped with a silicon monochromator to give clean Cu Ko% 
radiation. Powdered samples were mounted between two pieces of 3M Scotch 
tape in a nitrogen-filled dry box. Silicon powder from National Bureau of 
Standards (SRM 640) was added to samples as em internal standard. The 
sample sandwich was then taped to a piece of rectangular metal plate over 
a hole of 7-mm diameter in the middle to allow for exposure to X-rays. 
Subsequently the plate was transferred to and held within a motor-driven 
rotating accessory to obtain diffraction patterns with sharp lines and low 
background. 
The powder patterns obtained were then read using an Enraf-Nonius 
Guinier film reader. The reading from the film was converted to 26 and d 
values by applying a quadratic equation obtained from the least square fit 
of the five silicon lines with known diffraction angles (20) using the 
program GUIN.53 When a powder pattern could be indexed, lattice 
parameters were obtained from the least-squares program LATT^^ with a 
constraint to the indicated crystal system. The results are reported in 
Table 4. 
Calculated powder patterns of known or postulated structures were 
obtained from the program POWD.^S The calculated and observed powder 
Table 4. The lattice parameters of four cesium zirconates determined from Guinier powder pattern 
data (in A and degree) 
Compound a b c a 3 Y V N® 
Cs2Zr03 11.260(1) 7.738(5) 5.951(7) — — 520(1) 26 
Cs^ZrO^ 7.172(1) 19.907(1) 7.157(1) 113.1(1) 940(2) 34 
CZ-3 10.254(1) 10.409(2) 10.107(1) 106.47(1) 98.54(1) 99.94(1) 996(1) 23 
CZ-4 9.928(3) 15.357(4) 20.659(7) 103.28(3) 3066(2) 26 
^Number of indexed reflections used in the refinement. 
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patterns of Cs2Zr03, Cs^ZrO^ and the observed powder patterns of CZ-3 and 
CZ-4 are given in Appendix A. The powder patterns of numerous well-
characterized materials can be obtained from the ASTM standard diffraction 
file collection.56 
4. Single crystal X-ray diffraction 
Single crystal X-ray diffraction is indispensible for and vital to 
the understanding of these new materials in the following ways. First of 
all, this type of characterization provides accurate geometry, interatomic 
distances and other structural information for theoretical studies, i.e. 
MAPLE^^ calculations. Secondly, it gives structural insights for the 
possible understanding of thermal stability of the materials interested. 
In the third place, it also serves to confirm the stoichiometry of new 
phases by refining atomic occupancy, and it may aid an exploration of the 
formation of other compounds in the same system. 
After the selected crystal was mounted and sealed in the capillary, 
it was then mounted on a goniometer head and checked for singularity by 
using oscillation photos. If the crystal was single, the zero and first 
level Weissenberg photos were then taken to obtain symmetry and extinction 
information, to estimate cell parameters, and to check the possibility of 
a superlattice. 
The four-circle diffractometers used in this work were either Datex 
or commercial Syntex diffractometers. The Datex diffractometer used 
Mo Ko^ (X = 0.71069 Â) radiation and a graphite monochromator mounted on 
its scintillation counter. It was driven by an 11/730 minicomputer 
interfaced to the diffractometer by PDP-11 microcomputer. The Syntex 
diffractometer was also equipped with Mo Ka radiation with a Zr filter. 
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The Datex diffractometer operation vas facilitated with an interactive 
package of software ALICE developed by Dr. R. A. Jacobson in Ames 
Laboratory and described elsewhere.^8 
Crystals mounted in capillaries were fixed on an z-translation 
goniometer head and placed on the diffractometer. The single crystal was 
first centered, and 10-15 reflections were obtained from either an 
oscillation or rotation photo. Under the best circumstances, the 
diffractometer tuned most of the input reflections, indexed them and 
determined a cell by ALICE or BLIND^^ software with or without further 
cell transformation. After the correct cell was determined, up to eight 
standards with strong intensity and at 25° < 20 < 40° were chosen and 
tuned to obtain a best orientation matrix. Subsequently the data 
collection was initiated according to this orientation matrix. Reflection 
intensities were collected with w-scan mode on both the diffractometers. 
When data collection was completed, a strong reflection with X equal or 
close to 90° or 270° was chosen and intensities were collected at 36 ten-
degree intervals in ij; for use in the empirical absorption correction with 
program ABSN.^^ Three standard reflections were selected and checked 
every 50 reflections to ensure instrument and crystal stability. No 
significant decay was observed with any of the crystals investigated. The 
minimum number of octants collected was dependent on the symmetry of the 
cell, normally two for both monoclinic and orthorhombic cells, and four 
for triclinic with maximum 20 of 50°. Once data collection and \^-scan 
were completed, LATT was used to tune selected Friedel-related peaks (25°< 
20 <40°) to determine cell parameters. 
After absorption correction, the data were corrected for Lorentz and 
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polarization effects and reduced using the program REDDAT^^ with the 
appropriate extinction conditions applied where necessary. To be 
considered as observed, the observed intensity of a reflection lobs 
the structure factor amplitude [Fobs I were both required to be larger than 
or equal to three times their respective standard deviations. The data 
set was then averaged in the correct space group using FDATA^^ with a 6a 
cutoff. Structure factor calculations and least-squares refinements using 
neutral atom scatterers were carried out using the full-matrix program 
ALLS.63 Fourier series calculations were accomplished with FOUR.^^ 
Anisotropic thermal parameters of the form exp[-l/4(Bj^]^h^a*^ + 622^^^*^ 
+ BgglZc*^ + 2Bi2hka*b* + 2B]^3hla*c* + 2B23klb*c*)] were used. Accurate 
distances and their estimated standard deviations for refined single 
crystal structure were calculated using a standard program. All structure 
calculations were carried out on a VAX 11/780 computer in the Ames 
Laboratory. The ORTEP^^ drawings have thermal ellipsoids drawn at 50% 
probabilty. The data collection details for all crystal structures are 
presented in Table 5. 
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Table 5. Crystallographic data for single crystal investigations 
of cesium zirconates® 
Compound Cs2Zr03 CsaZrO^ CZ-3 CZ-4b 
Cell 11.256(6) 7.163(1) 10.250(1) 9.926(5) 
parameters 7.738(5) 19.919(2) 10.416(2) 15.359(8) 
(a,b,c,(Â), 5.967(7) 7.158(1) 10.104(1) 20.642(8) 
(x,e, Y,(deg)) 90.0 90.0 106.45(1) 90.0 
90.0 113.05(8) 98.51(1) 103.28(3) 
90.0 90.0 100.17(1) 90.0 
Size of 0.25x0.75 0.23x0.15 0.30x0.18 0.25x0.15 
crystal(mm) xO.025 xO.lO x0.05 x0.05 
Space group Cmcm P2i/c PÎ P2i/m 
Z 4 4 2 4 or 2 
Octants HKL,SKL HKL,HKL HKL, HiâL HKL, HKL 
HKL, HKL 
29-max(deg) 50 50 50 50 
Phi-scan 0 0 2,13.76 1 9 1,19.72 4 0 1,16.14 Î 5 0,13.94 
reflection 0 0 4,27.70 1 15 0,31.70 8 1 2,32.28 I TQ 0,28.10 
(2@(deg)) 
Number of 
reflections 
Checked 965 2044 2615 3205 
Observed^ 686 1706 1738 1795 
Independent 219 1185 1486 1793 
Absorption 
coefficient(cm"^) 156.4 162.0 106.9 121.6 
(Mo Ka) 
Range of 
transmission 0.72-0.98 0.46-1.00 0.06-0.39 0.09-0.25 
coefficients 
*avg 2.8% 1.3% 2.8% 1.8% 
R 5.1% 3.2% - -
5.8% 3.9% 
-
-
®The data sets for these cesium zirconates were all 
collected using Datex diffractometer with an «-scan mode. 
"Another crystal gives a = 9.968(4), b = 15.404(5), c = 
20.778(5), and e= 104.21(5). 
% > 3ado). 
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III. RESULTS 
A. The Reactions of Zr02 with CsNOg, CS2CO3 or CsOH and Other Routes 
Reactions to synthesize cesium zirconates starting from CsNOg or 
CS2CO3 and Zr02 were investigated using 600-1100°C, porcelain or platinum 
crucibles, and periods of several hours to two days. Five of twenty-nine 
reactions of Zr02 and excess CSNO3 investigated at 600°C or above under 
argon in porcelain crucibles produced the compound Cs2Zr03 in about 5% 
yield, in addition to Zr02 and CSNO2. However, it was not reproducible in 
that other reactions generally gave CSNO2 in the condensate and a mixture 
of Zr02 and an unknown hygroscopic, white material in the residue. 
Reactions of CS2CO3 and Zr02 were normally investigated at above 
700®C because of the former's high decomposition temperature reported in 
the literature.66 In fact, no reaction was observed when the temperature 
was below 700°C. An unidentified, cesium-containing yet zirconium-free 
white condensate and Zr02 residue were always observed regardless of the 
temperature. The X-ray fluorescence analysis showed cesium (as bound 
cesium in presumably CsoZrOs) remaining in the hygroscopic, white residue 
common to both types of reactions, though no cesium zirconate was observed 
in the Guinier powder patterns of the carbonate products. 
Reactions of CsOH and Zr02 were investigated at 610-9i0°C in nickel 
or silver crucibles.Only one of the nine different reactions 
investigated produced Cs2Zr03 in about 50% yield after 600-650°C for 20 
hours and 750°C for one hour under argon in a silver crucible.G? The rest 
of the reactions always gave Zr02 in the residue and the same hygroscopic, 
cesium-containing white condensate described above. 
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Based on the XRF analyses, it is believed that cesium zirconate(s) 
formed in low yield, presumably as a coating on the surface of Zr02 
particles, but this is too little to be regularly detected by powder 
diffraction technique. The decomposition path of CsNOg or CS2CO3 to CS2O 
was found to be unclear in above reactions. The compound CsNOg was 
observed in the sublimate in almost every reaction of CsNOg and Zr02 at 
temperatures above 650-700°C, whereas CS2CO3 decomposed to form an 
unidentified white condensate at above 750°C. 
A series of pyrohydrolytic reactions of Cs2ZrIg were also 
investigated at 250-860®C in the porcelain crucibles. The products Csl or 
CSI3 (when temperature is above 550°C) and Zr02, instead of the expected 
Cs2Zr03 and HI, were obtained. The formation of these products can be 
rationalized by the decomposition of Cs2ZrIg without melting (m.p. 
780°C)48 in the presence of steam to form Csl, Zr02 and HI, accounting for 
the observed approximately 42% weight loss. One of the most serious 
disadvantages of the pyrohydrolytic reaction apparently is that Cs2Zr03 
would not survive hydrolysis whereas water vapor is essential as a source 
of oxygen. Similar reactions such as the oxidation of Cs2ZrIg under 
oxygen atmosphere at similar temperatures led to the formation of Zr02 and 
Csl (or CSI3). 
B. The Reactions of Csl-Zr02 and Csl-Zr02-Zr 
1. General observations 
The conditions of the various reactions in different metal containers 
have been described in Table 1. The silver and gold, but not tantalum, 
containers were very bulged after being air-quenched from all investigated 
temperatures, primarily because of the high vapor pressure of Csl and 
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especially Zrl^ and the good ductility of noble metals. Silver containers 
used in the reactions above 600°C were found to be embrittled. The 
ductility of the silver container could not be restored after reheated at 
about 400-500°C under a dynamic vacuum. This may indicate the 
participation of silver in the reactions of Csl and Zr02 which resulted in 
the change of both the macroscopic and microscopic structure of silver. 
Products of the reactions in various containers appeared as greyish 
crystalline powders which gave sharp powder patterns only when the 
reaction temperature had been higher than 600®C. Generally yellow-orange 
and red-brown condensates were visually observed in the sublimate during 
sublimation and were later identified as Cs2Zrl6 and Zrl^ by powder 
patterns. Because of its extremely low yield, the compound Cs2Zr03 was 
not generally identified based on its Guinier powder pattern, though it 
can be inferred by using more sensitive analytical XRF and atomic 
absorption (AA) techniques. However, the three strongest but broad lines 
of Cs2Zr03 were observed once in the Guinier powder pattern of the product 
from a reaction of Zr02 and Csl at 710°C in a gold container for 
approximately four months. 
As described in the sections on Synthetic and Characterization 
Techniques, the products had to be separated by sublimation for both XRF 
and AA analyses. The methods of analysis have also been described in II-
B-3 and II-C-1 in the same sections. The analytical results on products 
from different reactions of Csl and Zr02 and in three-zone containers with 
with Zr are shown in Tables 6, 7 and 8 for tantalum, silver and gold 
containers, respectively. The advantages of three-zone reactions of 
Table 6. The analytical results of products from reactions of Csl-Zr02 and Csl-Zr02-Zr in tantalum 
container by XRF analysis 
T CsI/ZrOo/Zr Molar Ratio Temperature Products (ymol) ZYield Molar ratio Overall material 
Reaction rag, loaded CsI:Zr02:Zr (^C) Zrl^ Cs2Zr03 Cs2Zr03 Zrl4:Cs2Zr03 loss(vtX) 
1 325/1250/0 1:8.11 810 23.7 42.1 6.7 1:1.8 3.1 
2 325/1250/0 1:8.11 710 11.6 25. la 4.0 1:2.2 1.2 
3 325/1250/0 1:8.11 610 10.3 19.5 3.1 1:1.9 5.4 
4 90/1250/0 1:29.3 810 16.5 33.7 19.5 1:2.0 2.1 
5 90/1250/0 1:29.3 610 9.1 16.4 9.5 1:1.8 4.6 
6 90/1250/0 1:29.3 400 3.8 8.9 5.2 1:2.3 4.4 
7 40/1250/0 1:66.0 810 14.3 26.4 34.2 1:1.8 0 
8 40/1250/0 1:66.0 710 8.8 16.4 21.3 1:1.9 0.1 
9 40/1250/0 1:66.0 610 6.9 13.2 17.1 1:1.9 1.6 
10 40/1250/0 1:66.0 500 6.8 11.6® 15.1 1:1.7 0.1 
11 155/1143/1357 1:15.6:25 812-»788 35.8 46.53 15.6 1:1.3 7.3 
12 217/1780/1530 1:17.3:20.1 8504832 36.0 39.5 4.7 1:1.1 17.0 
13 260/1800/2154(24) 1:14.6:23.6 7654750 31.4 47. la 4.7 1:1.5 0 
^Residues were free of Csl, otherwise they were corrected for left-over Csl. 
Table 7. The analytical results of products from reactions of Csl-Zr02 and Csl-Zr02-Zr in silver 
containers by XRF analysis 
S CsI/ZrOi/Zr Molar ratio Temperature Products (praol) %Yield Molar ratio Overall material 
Reaction mg, loaded CsI:Zr02:Zr (^C) Zrl^ Cs2Zr03 Cs2Zr03 Zrl4:Cs2Zr03 loss (%wt) 
1 325/1250/0 1:8.11 710 24.4 56.8 9.1 1:2.3 1.7 
2 325/1250/0 1:8.11 610 21.1 40.5 6.5 1:1.9 3.0 
3 325/1250/0 1:8.11 500 14.3 29.6 4.7 1:2.1 5.4 
4 325/1250/0 1:8.11 400 10.3 24.5 3.9 1:2.4 4.7 
5 90/1250/0 1:29.3 610 13.4 29.0» 16.7 1:2.2 4.4 
6 90/1250/0 1:29.3 500 9.9 23.9a 13.8 1:2.4 5.1 
7 90/1250/0 1:29.3 400 8.7 14.8 8.5 1:1.7 1.9 
8 40/1250/0 1:66.0 610 8.9 17.1 22.2 1:1.9 0.6 
9 40/1250/0 1:66.0 500 7.8 17.4a 22.6 1:2.2 0.5 
10* 325/1250/3310 1:8.12:29.0 7004675 36.2 55.7 8.9 1:1.5 2.7 
lib 325/1250/0 1:8.11 610 35.1 63.5 10.2 1:1.8 1.0 
^Residues were free of Csl, otherwise they were corrected for left-over Csl. 
^Reaction products were analyzed by atodiic absorption analysis. 
Table 8. The analytical results of products from reactions of Csl-Zr02 in gold containers by 
AA analysis 
G Csl/Zr02 Molar ratio Temperature Products (wmol) %Yield Molar ratio Overall material 
Reaction rag, loaded CsI:Zr02 (®C) Zrl^ Cs2Zr03 Cs2Zr03 Zrl4:Cs2Zr03 loss (%vt) 
1 325/1250 1 8,11 710 29.9 44.8 7.2* 1:1.5 1.8 
2 325/1250 1 8.11 610 27.7 41,9 6.7a 1:1.5 0.5 
3 90/1250 1 29.3 610 15.4 28.7 16.6 1:1.9 0.8 
4 40/1250 1 66.0 610 13.2 22.4 29.1 1:1.7 0.8 
5 325/1250 1 8.11 500 20.7 37.9 6.1 1:1.8 1.8 
6 325/1250 1 8.11 400 8.9 19.7 3.2* 1:2.2 0,6 
^Residues were free of Csl, otherwise they were corrected for left-over Csl. 
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Csl-Zr02-Zr with or without graphite will be discussed in Part IV. 
Reactions in tantalum and silver used in the earlier stages of this work 
were analyzed by XRF method. The gold container was later employed to be 
completely free from the interference of container, and the products were 
analyzed by more accurate atomic absorption method. 
2. XRF analysis 
The analyzed reaction products from Csl-Zr02 and two and three-zone 
Csl-Zr02-Zr in tantalum and silver containers are reported in Tables 6 and 
7. The amount of Zrl^ in the sublimate was determined based on the 
calibration of zirconium using Figure 1. On the other hand, the amount of 
Cs2Zr03 in the residue was determined based on the calibration of cesium 
in different matrices of Csl/Zr02 and Cs2Zr03 (Figures 2 and 3) depending 
on whether Csl was present in the residue or not. The determination of 
cesium (as Cs2Zr03 in the residue) was corrected for cesium (as left-over 
Csl) when necessary. Figure 4 was used to determine the quantity of 
iodine (as Csl) in the residue. 
It was also found that the amount of tantalum in the residue 
increases with increasing reaction temperature, especially above 750-800°C 
because of the reaction of Cs2Zr03 and tantalum. The amount of silver was 
discovered to be several times more abundant in the sublimates than in the 
residues. A thin layer of a silver mirror was actually formed and 
visually observed on the collecting silica jacket after products were 
sublimed at 625-550°C. Presumably there are two sources of silver formed 
in the sublimate, mostly, from Agi produced in the reaction of Zrl^ and 
less silver from the container itself. 
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Since the inertness of both containers is doubtful (e.g., above 650°C 
for silver and 750®C for tantalum), the factors such as temperature and 
container materials will have to be taken into considerations when 
interpreting the analytical data. The general trends in reactions 
reported in Tables 6 and 7 indicate: 
(a) the percentage yields of both Zrl^ and Cs2Zr03 based on the 
limiting reactant Csl increase with increasing temperature and 
decreasing molar ratio of CsI:Zr02 at constant temperature, 
(b) the yields of both products from two and three-zone reactions of 
Csl, Zr02 and Zr are higher than those of Csl and Zr02, 
(c) the reactions produce significant and detectable amounts of 
Zrl^ and Cs2Zr03 at as low as 400°C (temperature of reactor 
inner wall 390-400°C), and 
(d) the molar ratios of Zrl4:Cs2Zr03 scatter from 1.1 (in T-12) to 
2.3 (in T-6) in Table 6, whereas these range from 1.5 (in S-10) 
to 2.4 (in S-4 and 6) in Table 7. 
The amounts of Zrl^ and Cs2Zr03 in reactions of S-10 and 11 (Table 7) 
were determined using AA rather than XRF analysis for comparison because 
of the differences in techniques for sample preparation. In reactions of 
S-2 and S-11 under similar conditions, the results are apparently not 
identical, however, compatible when comparing the amounts of products. 
The difference can be attributed to the greater material loss in S-2 than 
that in S-11 during sample preparations and to differences in accuracy of 
these two methods. 
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3. Atomic absorption analysis 
The analytical results determined by atomic absorption and reported 
in Table 8 were from reactions of Csl and Zr02 in gold containers. The 
general trends described above still hold. The absolute yields in 
reactions G-1 through G-6 are apparently higher than the corresponding 
reactions in tantalum and silver. Presumably the results are free from 
interference of container, there are differences in material loss, and the 
analytical accuracy changes. The yields of both products are plotted as 
functions of temperature and molar ratio in Figures 9 and 10. 
C. The Reactions of Cs-Zr-02, Cs-Cs02-Zr02 and Cs02-Zr 
1. Reactions to form cesium zirconates 
All the representative reactions of Cs-Zr-02» Cs-Cs02-Zr02, and Cs02-
Zr in sealed silver tubing to form cesium zirconates were described in 
Table 2, 
Cs2Zr03 was first synthesized in >95% yield (based on cesium 
determination by acid-base titration) from a slight excess of cesium 
(relative to zirconium), zirconium powder, and large excess of oxygen at a 
temperature lower than 700°C in a six-mL silver crucible under a steady 
oxygen stream. Reaction temperatures had to be slowly raised (e.g., 
4°C/hour) from ambient to 650°C so that violent oxidation of powdered 
zirconium was avoided. The instantaneous temperature during oxidation 
could exceed 1000°C, and the silver container was melted in one of the 
reactions because of the large heats of formation of Zr02 and Cs2Zr03. As 
soon as the amount of Zr02 on the surface of zirconium accumulated with 
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increasing temperature and duration, the layer of Cs2Zr03 probably 
thickened and coated the surfaces of zirconium particles. Finally the 
reaction hardly went at all. Excess CSO2, if there was any present, was 
eventually decomposed under argon, and volatilized from the system at 
higher than 700°C for 5-6 hours. 
Interestingly, colorless and rod-shaped single crystals of Cs2Zr03 
with dimensions of 0.25x0.25x0.50 mm suitable for X-ray single crystal 
structure determination were obtained by substituting zirconium powder by 
strips under otherwise similar conditions. The metal strips may provide a 
specific surface structure that favors the crystal growth. There was no 
other products present in the product based on the Guinier powder patterns 
with different loaded stoichiometries of starting materials. 
However, the product of Cs2Zr03 from a typical reaction (T-78) of Cs-
Zr-02 was also dissolved in 49% HF solution containing 0.5% KCl for both 
cesium and zirconium determinations by atomic absorption technique, as 
described in II-C-2 (p. 31). The analytical results are summarized in 
Table 9. 
The compound Cs2Zr03 can also be synthesized from the stoichiometric 
reactions of Cs-Cs02-Zr02 and Cs02-Zr in sealed silver containers at 400-
650®C according to the following equations: 
3 Cs + Cs02 + 2 Zr02 = 2 CS2ZÏO3, and 
2 CSO2 + (1+1/x) Zr = Cs2Zr03 + 1/x Zr(Ox). 
Complete conversion in the former reaction normally required repeated 
grinding, whereas the latter formed Cs2Zr03 and ZrCO^) because of the 
Table 9. The results of atomic absorption analyses for Cs2Zr03 and Cs^ZrO^ 
Compound® %Cs %Zr Cs ; Zr 
calc obs^ calc obs^ obs(AA) obs(X-RAY)d 
Cs2Zr03 65.63 64.68 22.52 23.30 1.90:1 1.992(8):1 
Cs4Zr04 77.40 77.06 13.28 13.82 3.80:1 4.001(8):1 
®No Zr02 lines were observed in the powder patterns of these two samples, 
so Zr02 is assumed to be present in less than 5 mol%. 
^Standard error is less than 5%. 
^Standard error is approximate 5%. 
^Obs(AA) based on AA results and obs(XRAY) based on crystallographic 
refinement on the occupancies of cesium atoms with those of zirconium and 
oxygen fixed. 
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apparent incomplete oxidation of zirconium. Both routes produced small 
crystallites of Cs2Zr03 instead of single crystals. 
On the other hand, CsaZrO^ could be synthesized from the 
stoichiometric reaction of Cs-Cs02-Zr02 at 450-650®C in sealed silver 
tubing for as short as one day. Close to 100% yield of Cs^ZrO^ could be 
achieved if the reaction mixture vas thoroughly ground several times 
during the reaction. The analyses of cesium and zirconium in Cs^ZrO^ from 
reaction S-46 were also reported in Table 9. 
Attempts to synthesize Cs^ZrO^ from any of the following reactions 
were found to be unsuccessful: (a) reactions of cesium, powdered 
zirconium, and excess amount of oxygen at 600-650°C, (b) reactions of 
excess amount of Cs02 with zirconium powder at 500-600°C, and (c) 
reactions of stoichiometric Cs, Cs02 and zirconium powder at 600-700°C for 
one week ((a) in silver crucible and (b) and (c) in sealed silver tubing). 
Instead, Cs2Zr03 and Cs02 were produced in (a) while Cs2Zr03, Zr(Ojj) and 
an unidentified, presumably cesium-containing phase were observed in (b). 
On the other hand, reaction (c) gave CS2Zr03, unreacted CSO2 and an 
unknown phase different from that described in (b) based on the powder 
patterns. 
The following reaction appears to be spontaneous and more favorable 
in the presence of excess amount of oxygen (e.g., in reaction (a): 
Cs^ZrO^ + 3/2 O2 = Cs2Zr03 + 2 CSO2. 
In other words, Cs^ZrO^ can be considered thermodynamically unstable at 
500-600°C or above toward Cs2Zr03 and CSO2 when oxygen is present. The 
formation of observed products in (a) can be rationalized by this 
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argument. It was not clear whether there was loss of oxygen in (b) 
because oxygen might dissolve in or diffuse through the silver container. 
The presence of Zr(Ojj) (x = 0.1), instead of Zr02> with Cs2Zr03 in the 
product may be attributed to the incomplete oxidation of zirconium because 
of the lack of oxygen. The unidentified phases (cesium oxide?) in 
reactions (b) and (c) need further investigations. Although the reaction 
(c) seems to be straightforward according to: 
2 Cs + 2 Cs02 + Zr = Cs^ZrO^, 
the presence of unreacted Cs02 but not Zr(0%) might indicate non-
equilibrium conditions, even though it had proceeded for a period of one 
week. Certainly, understanding the identity of the above unknown phase 
may aid to rationalize the reaction. 
In addition to the previous two Cs20-richer zirconates, a third 
zirconate (CZ-3) estimated to be CsgZryOiy was synthesized in less than 
40% yield from reaction S-65 (or 2c in Table 2) of Cs, Cs02, and Zr02 with 
loaded Cs:Zr:0 molar ratio of 6:4:11 in sealed silver tubing. The rest of 
the white, powdered products consisted of larger than 10% Zr02 and a 
fourth Zr02-rich zirconate (CZ-4) estimated to be Cs2Zr205 in less than 
50% yield. The typical synthetic conditions have also been described in 
Table 2. 
Both of the above two unknown zirconates were also reproduced in 
reaction S-142 (loaded to form "Cs^Zr^Ojg", reacted at 560°C for 12 days 
and 700®C for 20 days) as white powders mixed with Zr02 and colorless 
plate or blade-like crystals, each of which generally gave very sharp 
powder patterns with over 30 lines. On the other hand, the compound CZ-4 
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was repeatedly made with the presence of Zr02 in about 50% yield in leaked 
reaction S-54 (to make "CsgZrOg", reacted at 600®C for 17 days)), leaked 
reaction S-71 (to make Cs2Zr03, reacted at 560®C for 8 days) and reaction 
S-151 (to make "Cs^ZryOi^", reacted at 660°C for 8 days). The compound 
CZ-3 alone with Zr02> Cs2Zr03 and an unknown phase was formed in reaction 
S-156 (to make "Cs2Zr205", reacted at 670°C for 10 days). In the above 
leaked reactions, it was observed that CS2O escaped from the defected 
sealed silver tubing, and presumably left the Zr02-richer zirconates as 
well as Zr02 behind in the product. The loaded stoichiometries in the 
above reactions appear to be consistent with the estimated compositions 
obtained from volume chemistry described in the next section. 
Even though reaction S-71 apparently leaked and produced CZ-4 alone 
with Zr02, it is ambiguous whether decompositions of Cs2Zr03 or Cs^ZrO^ 
under 'slow leak' conditions will do the same. The two new cesium 
zirconates were physically inseparable from each other except as single 
crystals and were identified and characterized by both X-ray powder and 
single crystal diffraction methods. The observed Guinier powder patterns 
are reported in Appendix A. 
Reactions attempted to synthesize Cs20-richer zirconate phases such 
as "CsgZrOg" and "CsgZrOg" and other Zr02-rich phases of "Cs2Zr205" and 
"Cs2Zr307" from stoichiometric amounts of Cs, CSO2 and Zr02 at 550-750°C 
in sealed silver tubing were also investigated in this research. The 
compounds of Cs^ZrO^ and CS2O were produced in the first two attempts, 
whereas Cs2Zr03 and Zr02 were found in the latter two types of reactions. 
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2. Volume chemistry 
The compositions of the tvo previously described new Zr02-rich 
zirconates are unknown. The elemental analyses of these compounds were 
not possible due to the incomplete conversion in their syntheses and their 
unknown crystal structures. Although single crystals of these two phases 
could be obtained and reasonable cell were determined, these two 
zirconates always formed mixed with Zr02 in the reaction products. 
In the book entitled "Raumchemie der festen Stoffe", W. Biltz^^ 
systematized the volume increments of different ions or atoms in the solid 
materials. These data are particularly useful in the determination of 
cell volumes when applied to structurally isotypic or chemically similar 
and related compounds in the solid state, i.e., the series of cesium 
zirconates (mCs20-nZr02). Meaningful correlations of cell volumes to 
compositions in solid materials essentially require accurate determination 
of cell parameters. Fortunately, the cell parameters and volumes of all 
the zirconates synthesized in this research can be well determined from 
both single crystal and powder data. 
The principle of Raumchssia has been used to deduce the possible and 
reasonable compositions of these two zirconates, and the results are 
summarized in Table 10. To a certain extent of approximation, all of the 
zirconates described here can be considered as mCs20*nZr02 (m and n are 
reasonably small integers) which may be CS2O or Zr02-rich depending on the 
relative ratio of m and n. The volumes per unit of CS2O and Zr02 were 
determined from the two well-characterized Cs2Zr03 (Cs20'Zr02) and Cs^ZrO^ 
(2Cs20*Zr02) to be 105 and 25 Â^. These values as well as the observed 
cell volumes of the third and the fourth zirconates were used as bases to 
deduce the possible compositions of the corresponding phases. 
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Table 10. Raumchemie (volume chemistry) to deduce the possible 
and reasonable compositions for two Zr02-richer 
zirconates 
Compound® Cell Volume 
ikh 
Volume per unit(Â^) 
CS2O Zr02 
Cs2Zr03 
(Cs20«Zr02) 
Cs4Zr04 
(2CS20-Zr02) 
CZ-3 
"CsgZryOïy" 
(3Cs20-7Zr02) 
CZ-4 
"Cs2Zr205" 
(Cs20-2Zr02) 
"CsaZryOig" 
(2Cs20-7Zr02) 
"CsisZr27062" 
(8Cs20-27Zr02) 
520(1) 4 
940(2) 4 
996(1)(observed) 2 
980(calculated) 2 
3066(2)(observed) 
3100(calculated) 20 
3080(calculated) 8 
3030(calculated) 2 
105 
105 
25 
25 
-Hie formulae derived fro.- vcluss chemistry only represent 
empirical compositions not necessarily their real identities. 
^The number of formula units per cell. 
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Based upon the good agreements between calculated and observed cell 
volumes, the deduced chemical compositions may provide some meaningful 
understanding of the identities of these two new zirconates. The most 
likely and presumably the only one composition for the third zirconate CZ-
3 appears to be the Zr02-rich CsgZryOj^y. However, there are several 
possible compositions for the fourth zirconate (CZ-4). For instance, the 
empirical formulae Cs^ZryOig with Z = 8, Csi6Zr27062 vith Z = 2 and 
Cs2Zr205 probably with Z = 20 are among those most likely. 
3. Description of crystal structures 
a. Cs^ZrOq The colorless needle- or rod-shaped crystals of 
Cs2Zr03 grew from the reaction of Cs-Zr(strip)-02 under the conditions 
described in Table 2. Oscillation and Weissenberg photographs indicated a 
C-centered orthorhombic symmetry with extinctions of h+k = 2n+l for hkl 
reflections and with c the rod axis. Reflections with 26 < 50° in the two 
octants of HKL and -HK-L were measured at room temperature utilizing Ames 
Laboratory DATEX diffractometer with Mo Ka radiation monochromatized with 
graphite single crystal. The precise unit cell dimensions are a = 
11.256(6), b = 7.738(3), c = 5.967(6) Â (Guinier powder data: a = 
11.260(1), b = 7.738(5) and c = 5.951(7)) with Z = 4, and d(calc) = 5.18 
g/cm^ obtained from 24 reflections with 25° < 29 < 40°. However, another 
crystal from the same preparation gave a = 11.288(3), b = 7.725(1) and c = 
5.9382(9). 
Absorption correction was carried out with the program ABSN and with 
scans at 29 of 13.67° and 27.70°. There were two possible space groups 
(Cmc2i and Cmcm) with the additional extinctions of 1 = 2n+l for hOl 
reflections noted in the reduced data set. The space group Cmcm was later 
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found to be correct by actually carrying out ALLS least-squares 
refinements. A three dimensional Patterson map was subsequently produced 
to locate the cesium atom positions determined from Barker peaks of 
(U,0,0) and (U',V',l/2). The atomic positions of one zirconium atom and 
two oxygen atoms were subsequently obtained from difference Fourier maps. 
The refinements were carried out with eight variables associated with four 
independent atoms. With three more cycles of least-squares anisotropic 
refinements on the atom positions, the final R converged to 5.1% (R^ = 
6.3%) for 19 variables. The final R factor further dropped to 5.1% (Rv= 
5.8%, GOF = 2.43) when extinction coefficient was refined. Another 
difference Fourier map calculated for the final model revealed a maximum 
residual electron of 0.5 e~/Â^. The refined structural parameters for 
Cs2Zr03 are listed in Table 11, and the list of calculated and observed 
structure factors is given in Appendix B. 
As previously described, Cs2Zr03 is structurally related with 
K22r03^^(space group Pnraa) and Cs2M03(space group Cmc2j) where M = Pr^^, 
Pb,40 Tb^O, and Ce^l, though their space groups are apparently different. 
The structure of Cs2Zr03 consists of strings of slightly distorted edge-
sharing Zr(0)04/2 square pyramids which run through the structure in the 
c-direction (the rod or needle axis). The cesium atoms occupy interchain 
sites with irregular six-fold coordination. Figures 11 and 12 show the 
ORTEP drawings of Cs2Zr03 and the basic ZrOg'^ unit that forms 
os[Zr(0)04/2] chains. The compound vas known as the first five-
coordinate alkali-metal zirconate, and Cs2Zr03 appears to be the second 
unusual example of the same type. However, this type of stereochemistry 
has been repeatedly observed in the 2:1:3 ternary oxides of Sn(IV), 
Pr(IV), Pb(IV), Ce(IV), Tb(IV) and some Ge(IV)72 with alkali metals. 
Table 11. The lattice parameters,® atomic positions and thermal parameters^ for Cs2Zr03 
Atom Point 
Symmetry X y z Bii ®22 ®33 ®12 ®13 ®23 
Cs m 0.33643(8) 0.1450(1) 0.25 2.39(5) 1.60(5) 2.39(6) -0.26(3) 0 0 
Zr mm 0 0.0828(2) 0.25 1.81(8) 0.91(8) 1.30(8) 0 0 0 
0(1),apex mm 0 0.3295(19) 0.25 3.2(7) 1.2(6) 3.1(8) 0 0 0 
0(2),base 2 0.1175(8) 0 0 2.6(4) 1.7(4) 1.4(4) 0 0 -0.3(3) 
®Space group: Cmcm a = 11.256(6), b = 7.738(5), c = 5.967(7) and Z = 4. 
^The thermal parameters are of the form: exp[-l/4(Bj^h2a*2 + 822^^^*^ + Bggl^c*^ + 2Bj2hka*b* 
+ 2Bi3hla*c* + 2B23klb*c*)J. 
as fo 
Figure 11. The ORTEP drawing of Cs2Zr03 unit cell (50% probability 
thermal ellipsoids) 
OO) 0(1)  
b 0(1) 
Figure 12. The ORTE'.P drawing of ZrOg^- infinite chain (50% probability 
thermal ellipsoids) 
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The Zr-0 distance of 2.10 Â for the basal oxygen is longer than that 
for the axial oxygen at 1.90 Â, as might be expected. The n-interaction 
between zirconium 4d and the 2p of the axial oxygen is believed to be 
responsible for the 0.20 Â shortening in distance, and a Zr-0 bond order 
larger than one is expected. The closest approach of the next nearest 
oxygen atom to zirconium is at 4.36 Â. The 0-0 distance for a shared edge 
of square pyramid is significantly shorter (2.65(3) Â) than the unshared 
distance (2.984(4) Â). Although the Zr-Zr distance (3.250(4) Â) is close 
to those in the h.c.p. zirconium (e.g., 3.179 and 3.231 Â), hardly any 
interaction between zirconium atoms is expected, since zirconium is in the 
+4 oxidation state (d°). Relevant bond distances and bond angles are 
shown in Table 12. 
The high standard deviations in the bond length for Zr-0, Cs-0, and 
0-0 in Cs2Zr03 could presumably be attributed to the crystal growth 
imperfection of the crystals of this compound which were available. The 
hygroscopic nature of Cs2Zr03 can be rationalized by considering the 
higher and more favorable coordination of zirconium (i.e., C.N. 6 or 7) 
that may be achieved with subsequent disruption of this structure to form 
hydrous zirconium oxide and CsOH. 
b. Cs^ZrO^ Colorless spherical or gem-like crystals of Cs4Zr04 
were successfully synthesized from quantitative reactions of Cs, Cs02 and 
ZrOg. Because of the spherical geometry of the Cs^ZrO^ crystals, 
alignment along any of its pseudo axes was not easily accomplished, and no 
symmetry informatiom was obtained from oscillation and Weissenberg 
photographs. Data were collected on a gem-like crystal with dimensions of 
0.23x0.15x0.10 mm using DATEX diffractometer at room temperature. 
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Table 12. Relevant bond distances and bond angles in Cs2Zr03 
Atom 1 Atom 2 Distance(Â) 
Cs 2 0(1) 3.06(2) 
Cs 2 0(2) 3.09(1) 
Cs 2 0(2) 3.168(3) 
Cs 2 Cs 3.733(4) 
Intrachain 
Zr 0(1) 1.90(2) 
Zr 4 0(2) 2.10(1) 
Zr 2 Zr 3.250(4) 
0(2) 2 0(2) 2.984(4)(unshared) 
2.65(3)(bridging) 
0(1) 4 0(2) 3.23(2) 
Interchain 
Zr 2 0(1) 4.36(2) 
Zr 4 0(2) 3.23(2) 
0(2) 2 0(2) 3.99(2) 
Atom Atom 2^ Atom 3^ Bond angle(deg) 
0(1) Zr 0(2) 107.9(1) 
0(2) Zr 0(2) 78.5(7), 90.7(6) 
Zr 0(2) Zr 101.5(7) 
®A11 of these atoms are located vithin the same chain. 
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The details of data collection were previously described in Table 5. The 
unit cell dimensions are a = 7.163(1), b = 19.919(2), c = 7.150(1) Â, P = 
103.05(8)° and V = 990(2) (Guinier powder data: a = 7.172(1), b = 
19.907(1), c = 7.157(1) A and g = 113.1(1)°) with Z = 4, and d(calc) = 
4.59 g/cm^ obtained as before from 24 reflections with 25° < 20 < 40°. 
The space group was selected based on the extinction conditions of 1 = 
2n+l for hOl and k = 2n+l for OkO reflections in the reduced dataset. The 
final data set contained 1696 independent reflections after being averaged 
in the space group P2i/c (Rgyg = 3.4%). 
Analysis of a conventional Patterson map generated the atomic 
position of the first cesium atom and several subsequent difference 
Fourier maps gave atomic coordinates for three more cesium atoms. The 
discrepancy factor R dropped to 35.0% when least-squares refinements were 
carried out on 12 variables associated with the four cesium atoms. The 
rest of the atoms in the structure were subsequently determined by several 
difference Fourier maps and were all found to be located in general 
positions. The atomic positions and temperature factors were 
anisotropically refined to give a final R = 3.2% (Ry and Rj are 3.7 and 
4.4% respectively, GOF = 1.207). The maximum residual electron desity in 
the final difference Fourier map was determined to be 0.1 e~/k^. The 
final atom positions and temperature factors are reported in Tables 13a 
and 13b. The list of observed and calculated structure factors is given 
in Appendix B. 
The ORTEP drawing of Cs^ZrO^ is shown in Fig. 13. Essentially, there 
are four formula units in the unit cell where ZrO^^^ forms isolated and 
slightly distorted tetrahedra with four independent, yet indistinguishable 
Zr-0 distances of 1.968(8), 1.969(9), 1.967(8) and 1.966(8) Â compared 
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Table 13a. Atomic positions in Cs^ZrO^^ 
Atom 
Point 
symmetry X y z 
Cs(l) 1 0.2197(1) 0.51540(4) 0.2491(1) 
Cs(2) 1 0.7025(1) 0.21700(3) 0.1803(1) 
Cs(3) 1 0.1828(1) 0.31196(3) 0.1787(1) 
Cs(4) 1 0.3411(1) 0.58190(4) 0.7742(1) 
Zr 1 0.2546(1) 0.37725(5) 0.7009(2) 
0(1) 1 0.4270(11) 0.3108(3) 0.8949(13) 
0(2) 1 0.2101(12) 0.4510(4) 0.8610(14) 
0(3) 1 0.0028(12) 0.3331(4) 0.5219(13) 
0(4) 1 0.5946(11) 0.5945(4) 0.4641(12) 
&The numbers in the parentheses indicate standard 
deviation. 
Table 13b. The anisotropic thermal parameters® of atoms in Cs^ZrO^ 
Atom Bji B22 B33 Bi2 Bl3 ®23 
Cs(l) 2.33(3) 2.62(3) 2.32(3) 0.07(2) 0.49(2) -0.14(3) 
Cs(2) 2.12(3) 2.51(3) 2.23(3) 0.22(2) 0.94(2) 0.31(3) 
Cs(3) 2.60(3) 2.33(3) 2.27(3) -0.20(2) 0.94(2) -0.12(2) 
Cs(4) 2.75(3) 2.85(3) 2.54(4) 0.02(2) 0.74(3) -0.01(3) 
Zr 1.70(4) • 1.75(4) 1.75(4) 0.16(3) 0.61(3) 0.12(3) 
0(1) 2.60(3) 2.4(3) 2.6(4) 0.5(3) 0.9(3) 0.8(3) 
0(2) 3.0(4) 2.6(3) 3.7(4) 0.6(3) 1.0(3) -0.8(3) 
0(3) 2.1(3) 2.9(3) 2.9(4) -0.6(3) 0.6(3) -0.3(3) 
0(4)  2.7(3) 3.5(4) 2.4(4) -0.6(3) 1.1(3) 0.1(3) 
®The number in the parentheses Indicates standard deviation. 
0 0 © 0  
ON 
VO 
® 0 ® 
a 
Figure 13. The ORTEP drawing for the unit cell of Cs^ZrO^ (50% probability 
thermal ellipsoids) 
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with 2.10(1) £ind 1.90(2) A in the unit of Cs2Zr03. Figure 14 shows 
the ZrO^"^ tetrahedron where one can see that the angles of O-Zr-0 deviate 
no more than + 4.1° from the value of 109.5® in an ideal tetrahedron. The 
important interatomic distances and angles are also shown in Table 14. 
4. Thermal stability studies 
Since the beginning of this research, one of the major objectives has 
been to understand the thermal stability of various cesium zirconates that 
are likely to form at the pellet-cladding interface in a nuclear reactor. 
Useful information on the distribution of fission products and modeling of 
the response of the materials under severe operation conditions can be 
obtained based on the thermal stability studies. For instance, during a 
loss-of-coolant accident, how would the formation or the presence and the 
stability of these zirconates affect the release of radioactive species 
into the environment and the failure of cladding materials? 
The thermal stabilities of only the two major zirconates Cs2Zr03 and 
Cs^ZrO^ were investigated, since CZ-3 and CZ-4 could not be isolated in 
pure forms. DTA (differential thermal analysis) would enable one to probe 
a wide range of temperature and certainly provides accurate information on 
their thermal stabilities or phase transition (if there is any), if not 
for the lack of suitable container. Silica and tantalum containers are 
not completely inert to zirconates on heating because of the formation of 
cesium silicates or tantalates. Silver melts at 965®C with significant 
oxidation if heated above 700°C where the decomposition of Cs^ZrO^ is 
expected. 
1.969(9) 
106.8(<i) 
967(8) 
106.0(3 
08.9(3 
0(1) 
Figure 14. The ORTEP drawing of the tetrahedral ZrO** unit (50% probability 
thermal ellipsoids) 
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Table 14. The important bond distances and bond angles in 
Cs^ZrO^ 
Atom 1& Atom 2 Distance(Â) 
ZrlV 0(1) 1.968(8) 
Zr 0(2) 1.969(9) 
Zr 0(3) 1.967(8) 
Zr 0(4) 1.966(8) 
Cs(l)IV 0(4,2,4,2) 2.943(8),2.944(9),2.977(8), 
3.032(9) 
Cs(2)V 0(1,3,1,4,3) 2.903(8),2.968(8),2.987(8), 
3.135(8), 3.445(9) 
Cs(3)VI 0(1,4,1,3,3,2) 3.055(8),3.062(8),3.152(9), 
3.184(8),3.214(9),3.636(9) 
Cs(4)V 0(2,3,1,2,4) 2.918(8),3.063(9),3.143(8), 
3.232(9),3.377(8) 
Atom 1 Atom 2 Atom3 Angle(deg) 
0(1) Zr 0(2) 106.8(4) 
0(1) Zr 0(3) 108.9(3) 
0(1) Zr 0(4) 106.0(3) 
0(2) Zr 0(3) 113.6(4) 
0(2) Zr 0(4) 112.9(4) 
0(3) Zr 0(4) 108.3(4) 
^The superscript Roman numbers indicate coordination 
numbers. 
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The investigations on thermal stabilities in this work were mainly 
carried out by heating samples of zirconates in sealed silver containers 
jacketed with fused silica or in an open silver tube crucible under a 
dynamic vacuum. It is difficult to investigate all the ranges of 
temperature, instead, one has to select a certain meaningful range to work 
with. Table 15 summarizes the investigation results of thermal stability 
for Cs2Zr03 and Cs^ZrO^ under various conditions. Generally, most of the 
annealings under vacuum reported below are probably not at equilibrium 
while those in sealed container are close to equilibrium. 
a. Cs^ZrOi Recrystallized Cs2Zr03 was observed when annealed 
under 0.8 atm argon in a silica-jacketed sealed silver tubing at 
temperature as high as 900°C. Guinier powder patterns of the annealed 
product did not indicate the presence of any extra phase in addition to 
Cs2Zr03. On the other hand, Cs2Zr03 is still stable at 880°C and 
completely decomposes to CS2O and Zr02 at 920°C after a 3-hour period 
under a dynamic vacuum. 
b. Cs^ZrOA Three annealings of Cs^ZrO^ in sealed silver 
containers under 0.7 atm of argon were investigated at 903^0, 855°C and 
750°C, respectively. Guinier powder patterns of all of the three annealed 
products revealed that Cs^ZrO^ decomposed into CS2O and Zr02. Another 
annealing at TIS^C proved that it was still intact without decomposition, 
and Cs^ZrO^ is believed to thermally decompose between 710 and 750°C in a 
sealed container. On the other hand, Cs^ZrO^ was found to lose CS2O with 
the formation of Cs2Zr03 in the residue at both 400 and 300°C. A series 
of investigations indicated that Cs^ZrO^ starts decomposing somewhere 
above 260-280°C under a dynamic vacuum. 
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Table 15. The thermal stabilities of Cs2Zr03 and Cs^ZrO^: 
(a) annealing in sealed silver container and (b) 
decomposition under vacuum 
Compound Annealing Duration 
temperature(+10°C) 
Products found 
(a) In sealed silver container 
Cs2Zr03 900 11 days 
850 7 days 
Cs2Zr03(recry-
stallized) 
Cs2Zr03 
Cs4Zr04 855 
750 
715 
11 days 
7 days 
10 days 
(b) Under vacuum (silver crucible) 
Cs2Zr03 880 1.5 days 
916+5 3 hr 
Cs2Zr03,CS2O,Zr02 
Cs2Zr03,CS2O,Zr02 
Cs^ZrO^ 
Cs2Zr03 
Zr02,Cs0x(x20.3)a 
Cs4Zr04 242 
250 
275 
300 
1 day 
1 day 
1 day 
1 day 
Cs/ZrO, 
us46ru4 
Cs2Zr03,Cs4Zr04,Zr02, 
Cs0x& (sublimate) 
Cs2Zr03,Zr02, 
CsOx& (sublimate) 
^Decomposition product of CS2O. 
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IV. DISCUSSION 
A. Synthesis of Cesium Zirconates 
1. The reactions of CsNOi-ZrO?, Cs9C0i-Zr09 and CsOH-ZrO? 
In the unsuccessful reactions of CsN03-Zr02 and Cs2C03-Zr02, cesium 
zirconates might have been formed as a thin layer on the high surface-area 
Zr02 particles. However, the amount of zirconate was presumably too small 
to be detected by powder diffraction technique (greater than 5 mol% is 
considered detectable). Unidentified product(s) from the decompositions 
of CsNOg and CS2CO3 or attack of crucible and the thermal instability of 
CS2O and its volatility at high temperature (>600°C) further complicated 
syntheses using an open system. In the synthesis of Cs2Zr03 by fusion of 
CSNO3 or CS2CO3 with Zr02, excess amounts of the former compounds had to 
be continuously added to compensate for the loss of volatile CS2O or 
CSNO2. The compound CsOH was found in one occasion to react with Zr02 at 
above 600°C to form Cs2Zr03 in the melt of CsOH in 50-60% yield, with 
water being one of the products. However, the irreproducibility requires 
further investigations. 
2. The reactions of CsI-ZrO? and CsI-ZrO^-Zr 
Until the recent work reported by Hofmann and Spino,^^ there has been 
no report on the dissociation of Csl by the action of an oxygen potential 
that may be related to failure of Zircaloy cladding via iodine-induced 
see. Their laboratory creep rupture and burst tests established that Csl 
does dissociate at 610-770°C to produce 1(g) in the presence of various 
oxygen potentials established by the following systems: M0O2/M0O3, 
CU/CU2O, Fe304/Fe203 and M0/M0O2. However, in their experiments Csl (an 
important sink for cesium) was not tested toward Zr02 or Zr02 plus 
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zirconium which may be relevant to the chemistry of reactor PCI process. 
In the early stage of this work, even the remotest knowledge about 
the nature of cesium zirconates was unavailable in the literature. 
Consequently, the choice of reaction containers has been the most 
troublesome and challenging problem in the course of this part of 
research. It was considered, however, that tantalum might be inert to 
reactions of Csl-Zr02 and Csl-Zr02-Zr at lower temperatures (e.g., 400-
700OC). 
Interesting results regarding the thermal stability of Cs2Zr03 in 
different containers were also obtained in the annealing investigations 
and reported in Table 16. Based on the findings of the annealing 
experiments, tantalum was found unsuitable for the reactions above 800°C 
because of the formation of a cesium tantalate from Cs2Zr03 and tantalum. 
But when Cs2Zr03 was annealed at above 950°C in the same type of 
container, the formation of the cesium tantalate was accompanied by the 
formation of cesium. On the other hand, Cs2Zr03 decomposes or is reduced 
by zirconium at 750°C (lower than that when using tantalum container). It 
can be rationalized by the fact that zirconium is a stronger reducing 
agent than tantalum toward Cs2Zr03. 
Therefore, based on the above findings, in the two-component 
reactions of Csl and Zr02 the actual amount of Cs2Zr03 present after 
sublimation based on the bound cesium in the residue was likely to be 
lower than analyzed. As revealed in Table 6, most of the molar ratios of 
Zrl4;Cs2Zr03 are larger than the ideal value of 1:2. This discrepancy is 
clearly very serious in reactions above 800°C (e.g., T-1, 7, 11 and the 
worst in T-12) because of the loss of cesium oxides during sublimation. 
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Table 16. The results of annealing investigations of Cs2Zr03 
in different sealed containers 
Temperature Duration Products found 
(°C) (days) 
(a) tantalum 
1150 7 Zr02, Cs and (Cs,Ta,0)& 
950 27 Zr02, Cs and (Cs,Ta,0)& 
850b 33 Cs2Zr03, Zr02, (Cs,Ta,0)^ 
and ..... 
800% 30 Cs2Zr03, Zr02, (Cs,Ta,0)^ 
and CsOjj^ (x-0.3) 
680 25 Cs2Zr03 
(b) zirconium 
820b 14 Cs2Zr03, Zr02, Zr(Ox)d 
and CsOx^ (x-0.3) 
750b 14 Cs2Zr03, Zr02, Zr(Ox)^ 
and CsOx^ (x-0.3) 
700 11 Cs2Zr03, trace Zr02 
650 28 Cs2Zr03 
609 17 Cs2Zr03 
&(Cs,Ta,0) represents a bluish-green crystalline solid 
containing Cs and Ta based on the emission spectral analyse., 
presumably a cesium tantalate. 
bAnnealings where Cs2Zr03 was found partially decomposed. 
CThe Guinier powder pattern of CsO* matches that of "CS3O" 
reported in the Ph.D. Dissertation of E. Vesterbeck,where 
CS3O exhibits a range of homogeneity with 0.31< x <0.36. 
^Dissolution of Zr02 in zirconium was observed. 
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Based on the work by Smith,74 the formation of interstitial carbon-
stabilized iodide clusters (e.g., Zrgli^C, CsZrgli^C, and ZrgIj^2C) has 
been well documented. This was the purpose of including graphite in the 
hot end of the three-zone reaction T-13 in Table 6 to produce Cs2Zr03 by 
the formation of the above carbide clusters as a driving force. The 
expected reactions can be summarized as: 
A Csl + 3 Zr02 = 2 Cs2Zr03 + Zrl^, and 
2 C + 7 Zrl^ + 5 Zr = 2 Zrgli^C, or 
C + 3 Zrl4 + 3 Zr = 2 Zr6li2C 
However, none of the carbide clusters was observed and instead, zirconium 
carbide as well as unreacted zirconium strips were identified in the 
powder patterns. 
A silver container was also found inappropriate for reactions at 400-
500®C because of the formation of Agi and Zrig or AgZr2li2^^ (depending on 
the temperature) from the reaction of Zrl^ and Ag. It was also observed 
that the silver container became slightly brittle upon completion of the 
reactions in this type of reactions, worse as the temperature went higher. 
The formation of Agi plus Zrig or AgZr3l]^2 would certainly reduce the 
amount of Zrl^ present in the sublimates by forming non-volatile Zrig in 
the residues. This argument is supported by the observed molar ratios of 
Zrl4:Cs2Zr03 in Table 7. Six out of the nine (S-1 through S-9) reactions 
of Csl and Zr02 investigated gave smaller ratios than the ideal value of 
1:2.  
The use of gold container was prompted by the failure of tantalum and 
silver materials. It was empirically established to be inert for the 
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reactions of Csl-Zr02 and Csl-Zr02-Zr. The molar ratios of Zrl4:Cs2Zr03 
can be used as a criterion to examine whether reactions of Csl and Zr02 
follow the proposed equations. Those values of Zrl4:Cs2Zr02 from 
reactions in gold container appear to not scatter significantly from the 
ideal value of 1:2 compared with those in tantalum or silver. In addition 
to the weak and barely identifiable powder pattern of Cs2Zr03 from that 
described in III-B-1, this observation further strengthens the evidence 
that supports the inertness and superiority of gold container and the 
correctness of the proposed reactions. 
However, there are three things noteworthy in the reactions of Csl 
and Zr02. First of all, one has to bear in mind that Cs2Zr03 may or may 
not be the thermodynamically, but rather a kinetically favored, product 
because the reactions investigated were not at equilibrium. Perhaps 
energetically more favorable zirconates (e.g., Zr02-rich phases) are more 
likely to be produced especially when Zr02 is in excess and if long 
reaction durations are used (e.g., one or two years). Second, the 
temperature of reactions in tantalum container above 800°C is unreasonably 
high for Cs2Zr03 to be stable. It vas chosen because of the ignorance of 
the nature of cesium zirconates at that time. 
Third, the AA method is considered superior to XRF method in terms of 
accuracy and reliability. Essentially, the difference lies in the fact 
that the sample preparation for the latter method can lead to greater 
material loss, and the accuracy of XRF analysis is also extremely matrix-
dependent. Normally, accurate and appropriate calibrations (compatible 
concentrations of standards and unknowns) are vital to the success of any 
quantitative determination. 
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3. The reactions of Cs-Zr-O?, Cs-CsO^-ZrO? and CsO^-Zr 
For reactions of Cs-Cs02-Zr02 and Cs02-Zr, the surface blockage 
problem on Zr02 does not appear to be as serious as those of CsN03-Zr02> 
Cs2C03-Zr02 and Cs0H-Zr02. Mainly, repeated grinding the reaction 
mixtures in the reactions of Cs-Cs02-Zr02 and the formation of Zr02 and 
Cs2Zr03 in situ in those of Cs02-Zr assisted the complete conversion of 
reactants. It is also noted that fine particles of Zr02 may dissolve in 
the Cs/Cs02 solution which may aid close contact of reactants. Most 
importantly, the direct combination of cesium, powdered zirconium and 
oxygen with slow heating is the feature of this route in producing 
zirconates in close to 100% yield. 
Basically, the advantages of these reactions lie in several aspects. 
First of all, reactions such as Cs-Zr-02 and Cs02-Zr are highly exothermic 
and thus they are considered as fairly enthalpy-driven compared with the 
Cs20-Zr02 reactions. Secondly, the problem of surface blockage was 
essentially eliminated because of the simultaneous formation of both 
finely divided Cs2Zr03 and Zr02 in the reactions of Cs02-Zr and Cs-Zr-02 
by slow heating. On the other hand, the formation and accumulation of 
cesium zirconates on the surface of preformed Zr02 greatly reduced the 
yield in the reaction of Cs20-Zr02. 
The failure in synthesizing Cs^ZrO^ from reactions of Cs-Zr-02 and 
Cs02-Zr may be rationalized by the presence of thermodynamically more 
favorable (enthalpy-driven) reaction 
Cs^ZrO^Cs) + 3/2 O2 = Cs2Zr03(s) + 2 Cs02. 
Other reactions attempted to synthesize "CsgZrO^" and "CsgZrOg" actually 
proceeded at 600-750°C as the following: 
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3m/2 Cs + m/2 CSO2 + ZrÔ2 = Cs^ZrO^ + (m-2) CS2O, where m= 3 or 4. 
This further reveals the relative thermodynamic instability of CS2O-
rich mCs20.Zr02 (m > 2) phases compared with Cs^ZrO^. Whether these two 
Cs20-rlch cesium zirconates do not exist or appropriate synthetic 
conditions have not been found is not clear. 
B. Structure of Cesium Zirconates 
The crystal structures of the four zirconate phases synthesized are 
expected to be related to those of corresponding hafnates, titanates and 
less like the silicates (e.g., K2Hf205,^^ K^HfgOy,^^ Rb2Hf307,^^ 
K2Ti205,77 K^Ti^Og^^ and K2Si205^^), diverse yet interesting. New 
structural types not seen in other similar compounds have been discovered 
in the above compounds (e.g., K2Si205). Although only two of the four 
cesium zirconates were both compositionally and structurally 
characterized, it is likely that the other two might be structurally 
related to the corresponding model compounds of hafnates and titanates. 
The two critical factors determining the structure of cesium 
zirconates appear to be the number of zirconium-oxygen bonds as well as 
the composition of cesium that determines the charge of zirconate anions. 
On the other hand, understanding the structure would be a useful aid in 
part to correlate the relative thermal stability of zirconates. For 
instance, it is not surprising to see that Cs2Zr03 is thermally more 
stable than Cs^ZrO^ because the extended one-dimensional chain structure 
is probably energetically more stable than the isolated and molecular type 
tetrahedral ions in Cs^ZrO^ in terms of the number and strength of Zr-0 
bonds per formula unit. 
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Table 17. Comparison of some Zr-0 distances in related binary 
and ternary oxides 
Compound Distance (Â) C.N.(O) C.N.(Zr) References 
Zr(00.42) 2.281(2) 6 6 80 
ZrCl(Oo.43) 2.047(3),2.15(2) 4 4 81 
cubic Zr02 2.20 4 8 82 
tetragonal Zr02 2.065,2.455 4 8 83 
monoclinic Zr02 2.05-2.16,2.15-2.28 3 or 4 7 84 
KgZrOg 1.92(2) 6 5 35 
Cs2Zr03 1.90(2),2.10(1) 6 5 this work. 
Cs4Zr04 1.966-1.969(8) 6 4 this work 
3-K2Zr205 2.10-2.19(2) 6 6 36,37 
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It is also noted in Table 17 that the distance(s) of Zr-0 bonds in 
cesium zirconates are the shortest among all listed binary and ternary 
zirconium compounds. The crystal radii suggested by Shannon^^ show that a 
reasonable Zr-0 bond distance is about 2.12 Â (e.g., 0.86 Â for Zr4+ and 
1.26 Â for six-coordinate oxygen). The single bond distance of Zr-0 as 
suggested by Brown and Wu^^ is 1.950 Â. Apparently the Zr-0 distances of 
1.90 and 1.92 À observed in Cs2Zr03 and K^ZrOg do indicate the bond order 
in both cases is larger than unity. This may in part help to rationalize 
why Cs2Zr03 is still thermally stable at 900°C when annealed in silver 
container. On the other hand, the Coulombic interaction between cesium 
cations and negatively charged zirconate anions (presumably less important 
than the Zr-0 bonding contributions) also energetically contributes to the 
stability of these ionic compounds and should not be ignored when 
considering their relative stability. It appears reasonable to speculate 
that Zr02-richer cesium zirconates such as "Cs2Zr20g" and "Cs^ZryOig" may 
even be thermally more stable than Cs2Zr03 based on the above arguments. 
However, one also has to bear in mind that it certainly is naive to 
rationalize or even predict the thermal stabilities of these compounds 
simply based on structural considerations without including thermochemical 
data which in most cases may not be available. 
C. Relevance of the Formation of Cesium Zirconates to Fission Product 
Chemistry 
One of the major objectives of this research was to investigate the 
possibility of reactions of Csl and Zr02, especially at close to reactor 
temperatures. If they occur, how will the formation and presence of 
cesium zirconates affect the distribution of SCC-related fission products? 
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The reactions of Csl and Zr02 described earlier have proven that the 
reactions do occur to produce Cs2Zr03 and Zrl^ at 400-S50°C with or 
without the presence of metallic zirconium and regardless of the three 
different types of containers used. The presence of cesium zirconates at 
the fuel-cladding interface has been repeatedly proposed based on various 
analytical evidence.87-89 However, this research appears to be the first 
to systematically demonstrate their formation and thermodynamic and 
thermal properties relevant to fission product chemistry. 
In an oxide-fueled LWR reactor, the formation of cesium zirconates 
may be fairly likely from the following two different but equally 
important routes occurring at the fuel-cladding gap: 
Cs20(g) + Zr02(s) = Cs2Zr03(s), and 
4 Csl(g) + 3 Zr02(s) = 2 Cs2Zr03(s) + Zrl4(g). 
The relevance of these two routes to stress-corrosion-cracking 
essentially lie in several aspects. First of all, they are both location 
and time dependent. Vith increasing fuel uprating, more and more cesium, 
and thus CS2O and Csl, are formed and transported down the temperature 
gradient to the fuel-cladding interface. Then they become accessible to 
the Zr02 already present on the surface of Zircaloy. The amounts of 
cesium zirconates formed certainly depend on the stoichiometry of the UO2 
fuel, the oxygen partial pressure, and the thermodynamic stabilities of 
various cesium oxometallates of molybdenum, uranium, chromium and nickel 
and the relative volatility of all related phases. 
Second, the rates of formation of Cs2Zr03 are drastically different 
such that Cs20/Zr02 reaction is presumably several orders of magnitude 
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faster than that of Csl/Zr02. This is supported by the fact that Cs2Zr03 
could be made within less than one day using CS2O and Zr02» while the 
reaction of Csl and Zr02 was proven to be kinetically-controlled and took 
at least one month to see detectable conversion. Therefore, Csl can only 
be considered as a "temporary sink" that slows down iodine-induced-SCC of 
Zircaloy for fission products cesium and iodine. In the long run Csl is 
potentially capable of reacting slowly with Zr02 on the fuel cladding to 
generate Cs2Zr03 and Zrl^, especially when r-radiation is present to speed 
up the dissociation of Csl^^ where the diffusion of Csl(g) is less 
important because of the formation of 1(g) from the radiation-induced 
dissociation. 
Third, the formation of cesium zirconates reduces the chemical 
activity of cesium and the formation of CS2O, which may, on the other 
hand, result in a higher iodine partial pressure by 
2 Csl(c,l) + 1/2 O2 = Cs20(c) + 2 1(g) 
in the fuel-cladding gap. 
Fourth, in an anhydrous reactor accident, the release of radioactive 
Cs-134, 136 and 137 isotopes to the environment may be slightly reduced by 
the formation of thermally stable Cs2Zr03 or other Zr02-rich zirconates. 
The last, certainly not the least, is that the balance of oxygen 
potential and the distribution of fission products, particularly cesium 
and iodine, in the fuel-cladding system will have to be reconsidered 
because of the formation of thermodynamically stable Cs2Zr03. The thermal 
stability studies and the establishment of thermodynamic parameters of 
cesium zirconates^® should certainly be factored into the calculations of 
fission product distributions. 
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V. CONCLUSIONS AND FUTURE WORK 
The present research has established that the reactions of Csl and 
Zr02 do occur regardless of the presence of metallic zirconium, 
particularly under the conditions close to those in a reactor (i.e., at 
390-400OC, the inner wall temperature). The compounds of Cs2Zr03 and Zrl^ 
are concluded to be the products from the reactions of Csl and Zr02 based 
on; (1) the observed molar ratios of Zrl4:Cs2Zr03 (i.e., mostly between 
1.5 and 2.0) in various reactions, and (2) the Cs2Zr03 and Cs2Zrl6 (or 
Zrl^) identified in the powder patterns. The yield of both products has 
been determined to be increasing with increasing temperature, duration of 
reactions, molar ratio of Zr02:CsI and also the presence of zirconium. 
Reactions investigated were found not to be in equilibrium when terminated 
for characterization. 
In spite of the short periods of investigations and the absence of 
known mechanical stress in Zircaloy, this work still provides additional 
information regarding the role that Csl plays in part of the chemistry 
taking place at the interface of fuel pallet and cladding. Based on the 
findings in this work, the reactions of Csl+Zr02 and Csl+Zr02+Zr are both 
spontaneous and certainly enthalpy-driven regardless the apparent kinetic 
barrier which could be overcome by raising the temperature in some 
reactions. It is also known that one of the products, Zrl^, from Csl+Zr02 
reactions, is able to promote iodine-induced SCC in Zircaloy. Although 
the presence of Cs2Zr03, and possibly other zirconates, may have no 
apparent influence on the reported iodine-induced SCC, it certainly will 
affect the distribution of the abundant fission product cesium. 
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This work has also accomplished systematic studies on the syntheses 
of various cesium zirconates. The trivial synthetic route via reaction of 
CS2O and Zr02 was abandoned in the beginning because of the high 
volatility and inherent thermal instability of cesium oxides. Instead, 
two of the zirconates, Cs2Zr03 and Cs^ZrO^, have been synthesized as both 
powders and single crystals in very high yield using direct reactions of 
Cs, Zr and O2 for the first compound and of Cs, CSO2 and 'active' Zr02 for 
the latter. Normally, these two routes are free from surface blockage by 
the products, time efficient, and free from contaminants such as cesium 
oxides because of their high volatility. Other routes such as reactions 
of Cs02+Zr and Cs+Cs02+Zr were also proven to be efficient ways to make 
cesium zirconates. They have not been investigated in great depth and 
will require further attentions. Obtaining useful thermochemical data of 
these zirconates from calorimetric measurements^® is now feasible and more 
meaningful because the syntheses of pure and macroscopic amount of these 
materials in this work. 
There have been at least four cesium zirconates synthesized in this 
research. Unfortunately, the two, presumably Zr02-richer phases have only 
been made up to 50% yield. The determination of their compositions will 
be crucial to the success of further characterizations. In addition to 
the application of volume chemistry, X-ray crystallographic investigations 
were also attempted on these two zirconates to determine their identity 
and thus their compositions. Although their cell parameters determined by 
single crystal diffraction are in very good agreement with those obtained 
from indexing powder diffraction data, the crystal structures have not 
been solved. Presumably normal alignment and the quality of single 
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crystals investigated were doubtful. It is very likely that based on the 
loaded stoichiometries CZ-3 is a Zr02-richer phase which may contain a 
net-work, of shared tetrahedral ZrO^ units based on the solutions provided 
by the crystallographic program MULTAN.On the other hand, CZ-4 
apparently has very large cell contents (e.g., cell volume 3066 and 
low symmetry (e.g., space group P2j/m). Clearly, the syntheses of the two 
zirconates by the reactions of Cs+Cs02+Zr02 on the Zr02-rich side as well 
as higher temperatures (greater than 700°C) need to be further 
investigated. Hopefully, single crystals of decent quality can be 
obtained, and the crystal structures solved. 
The unprecedented thermal stability results in this work also 
contribute to the understanding of the chemical as well as the thermal 
properties of various cesium zirconates. It has been shown that Cs^ZrO^ 
is thermally unstable relative to Cs2Zr03 and CS2O at above 715-750°C in 
sealed silver tubing and above 250®C in silver tubing under active vacuum 
while CS2ZCO3 decomposes somewhere above 920°C in a sealed silver 
container. However, the fact of the drastic difference in thermal 
stabilities of Cs2Zr03 and Cs^ZrO^ under a dynamic vacuum may still be un­
clear until the thermochemical data of these compounds become available. 
The extended chain structure of Zr(0)04/2^~ in Cs2Zr03 versus the isolated 
ZrO^^- tetrahedra in Cs^ZrO^ as well as the difference in the number of 
Zr-0 bonds per formula unit (e.g., 5:4 for Cs22r03 versus Cs^ZrO^) appears 
to be responsible in part for the drastic difference in their thermal 
stabilities. 
Consequently, the knowledge provided by this work and the future 
thermochemical data of these zirconates may be helpful in the assessment 
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of the distribution of both the cesium- and iodine-containing species 
relevant to the PCI process in nuclear reactors. The studies on the 
crystal structures, thermal stabilities and measurements of the 
thermochemical data will certainly not be complete without including those 
properties for the CZ-3 and CZ-4. 
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VIII. APPENDIX A: OBSERVED AND CALCULATED POWDER PATTERNS OF 
Cs2Zr03, Cs4Zr04, CZ-3 AND CZ-4 
1-1 
1 
0 
1 
0 
1 
0 
2 
1 
0 
2 
0 
1 
0 
2 
3 
1 
2 
3 
1 
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2 
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The observed aind calculated powder patterns of 
Cs2Zr03 with silicon as an internal standard 
(Cu Kcti = 1.5405 A) 
29 (deg) Intensity 
calc obs calc obs 
13.88 13.88(2) 
20.37 20.39 
26.28 26.33 
27.45 27.48 
27.96 27.95 
29.92 30.02 
30.39 30.39 
35.68 35.75 
40.31 40.32 
42.49 42.50 
45.25 45.26 
46.93 47.01 
50.39 50.40 
51.63 51.79 
52.26 52.30 
52.84 52.87 
53.42 53.49 
56.62 56.52 
58.03 57.94 
60.02 60.04 
62.49 62.45 
62.99 62.99 
64.06 64.13 
67.23 67.27 
73.52 73.53 
77.73 77.73 
79.15 78.97 
81.39 81.56 
2 <5 
8 5 
43 40 
91 95 
4 5 
41 40 
100 100 
12 15 
41 40 
16 20 
18 20 
7 10 
4 5 
16 20 
7 10 
12 10 
20 20 
25 30 
16 20 
6 5 
5 5 
3 <5 
7 5 
7 5 
13 15 
8 10 
7 10 
3 <5 
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Table 8-2. The calculated and observed powder patterns of 
Cs^ZrO^ with silicon as an internal standard 
(Cu Kai = 1.5405 Â) 
26 (deg) Intensity 
h k 1 calc obs calc obs 
1 0 0 13.41 13.36(4) 2 <5 
-2 1 1 25.38 25.35 13 15 
1 5 0 26.05 26.08 35 40 
-1 5 1 26.80 26.85 100 100 
0 0 2 27.07 27.04 50 50 
0 1 2 27.44 27.40 23 30 
1 4 1 28.78 28.82 26 30 
-2 0 2 29.87 29.85 55 50 
1 6 0 30.01 30.13 9 5 
-1 4 2 30.84 30.84 7 5 
1 5 1 31.82 31.88 61 60 
-1 5 2 33.70 33.75 21 20 
2 1 1 35.21 35.25 1 <5 
-3 4 1 41.92 41.99 14 15 
-1 5 3 44.24 44.20 20 30 
1 6 2 44.48 44.57 6 5 
2 1 2 46.16 46.16 13 15 
-1 6 3 46.86 46.90 8 5 
0 10 1 47.48 47.69 24 25 
-3 6 2 48.17 48.13 5 <5 
1 3 3 50.56 50.52 3 <5 
-3 -4 1 52.08 52.11 10 15 
-2 10 1 52.43 52.61 16 15 
0 10 2 53.58 53.71 4 <5 
0 1 4 56.02 55.91 7 10 
2 10 1 58.40 58.62 6 <5 
2 8 2 59.62 59.66 2 <5 
-2 10 3 61.55 61.63 8 5 
-2-11 -1 62.51 62.64 6 5 
2 9 2 62.91 62.91 5 <5 
3 6 2 65.82 65.83 4 <5 
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Table 8-3. Observed Guinier powder patterns of CZ-3 and CZ-4 
with silicon as an internal standard (Cu Kog^) 
h k 1 
CZ-3 
h k 1 
CZ-4 
20 lo 29 lo 
0 1 -1 13.96(2) 10 1 0 -1 9.19(2) 60 
0 -2 0 18.19 30 1 1 1 12.52 60 
-2 -2 -2 27.25 30 2 2 0 14.52 10 
0 3 0 27.50 30 3 3 0 21.84 80 
1 3 1 28.71 20 2 0 2 22.35 90 
-1 3 1 29.32 20 0 4 -1 24.83 30 
1 2 -2 30.19 100 -1 4 0 24.93 80 
3 -1 -1 30.95 80 1 4 1 25.63 30 
3 0 -2 32.59 10 3 -1 2 25.98 80 
0 4 1 36.51 10 1 3 2 26.54 20 
0 4 0 36.93 10 6 -1 0 27.21 20 
-1 3 -2 38.12 10 0 0 3 27.65 <10 
4 -2 -2 45.81 <10 4 3 1 27.92 10 
3 2 4 46.24 <10 4 4 -1 29.24 10 
5 0 2 47.95 10 0 4 2 29.63 90 
4 2 -2 48.27 10 0 2 3 30.11 100 
5 0 -2 52.01 <10 0 5 -1 30.44 40 
2 5 -1 53.13 <10 4 2 2 31.01 20 
4 3 -2 53.58 20 -1 3 3 32.21 30 
5 3 2 54.54 <10 2 2 3 33.50 10 
1 6 1 56.43 20 6 4 0 35.46 10 
5 2 -2 56.78 30 7 3 0 35.75 10 
1 3 6 60.75 10 6 5 -1 39.29 10 
6 -1 3 62.24 30 0 6 2 39.78 70 
-1 -1 6 62.47 20 -1 5 3 39.98 20 
1 7 -1 42.11 10 
7 5 -1 42.24 10 
10 1 -1 44.00 <10 
8 4 1 45.94 <10 
8 5 0 46.52 <10 
101 
APPENDIX B: OBSERVED AND CALCULATED STRUCTURE FACTORS 
FOR Cs2Zr03 AND Cs4Zr04 
102 
OBSERVED AHD CALCULATED STRUCTURE FACTORS FOR CSjZrOj 
B - 0 2 3 49 49 4 1 137 134 B - 7 6 1 44 42 
K L Fo Fc 2 4 69 63 4 2 85 86 K L Fo Fc 
0 2 515 453 2 5 22 26 4 3 115 lis 1 1 56 58 a . 11 
0 4 419 373 2 6 43 44 4 4 33 34 1 2 21 29 K L Fo Fc 
0 6 231 220 4 0 55 58 4 5 82 87 1 3 44 48 3 0 31 30 
2 1 408 436 4 1 151 147 4 6 34 40 1 5 30 32 3 1 26 29 
2 2 87 77 4 2 47 46 6 0 130 125 3 0 125 122 3 2 30 32 
2 3 359 334 4 3 124 122 6 1 70 67 3 2 96 96 3 3 25 28 
2 5 255 239 4 4 34 37 6 2 91 90 3 4 81 86 5 0 33 32 
2 6 26 23 4 5 90 93 6 3 56 58 5 1 114 107 5 1 38 38 
4 0 250 259 4 6. 25 19 6 4 94 97 5 2 23 33 
4 1 33 34 6 0 113 112 8 0 66 67 5 3 92 93 B - 12 
4 2 289 289 6 1 57 57 8 1 88 84 7 0 97 92 K L Fo Fc 
4 3 19 28 6 2 108 108 8 2 40 46 7 2 97 93 0 0 130 126 
4 4 187 182 6 3 45 48 0 2 134 130 
4 6 151 152 6 4 86 89 H . 5 B • 8 2 1 118 111 
6 0 86 88 6 5 35 36 K L Fo Fc K L Fo Fc 4 0 98 65 
6 1 132 133 8 0 51 51 1 0 23 25 0 0 18 24 
6 2 45 46 8 1 88 85 1 1 28 31 2 0 64 63 B . 13 
6 3 113 114 8 2 45 50 1 2 32 32 2 2 27 30 K L Fo Fc 
6 4 48 56 8 3 73 76 1 3 17 24 2 4 44 48 1 1 27 26 
6 5 76 83 3 0 82 82 4 0 24 27 
8 0 40 48 H - 3 3 1 43 45 4 1 83 79 
8 1 54 56 K L Fo Fc 3 2 114 113 4 3 61 69 
8 3 37 45 1 0 240 282 3 3 40 41 6 0 63 59 
1 1 315 348 3 4 54 58 6 2 72 72 
B - 1 1 2 283 292 3 5 31 35 
K L Fo Fc 1 3 278 265 3 6 51 57 H . 9 
1 0 16 19 1 4 197 186 5 0 66 68 K L Fo Fc 
1 1 73 69 1 5 190 185 5 1 101 97 1 0 160 158 
1 2 62 52 1 6 149 150 5 2 30 37 1 1 157 157 
1 3 56 52 3 0 256 269 5 3 82 85 1 2 119 122 
1 5 35 34 3 1 200 204 5 4 50 53 1 3 128 134 
3 0 201 202 3 2 201 202 5 5 59 65 1 4 114 119 
3 1 32 38 3 3 168 169 7 0 99 9S 1 5 91 102 
3 2 129 124 3 4 182 178 7 1 23 28 3 0 117 112 
3 3 34 34 3 5 131 126 7 2 76 76 3 1 105 103 
3 4 133 123 3 Ô 1C4 :c7 t 2 127 125 
3 5 27 32 5 0 112 115 H . 6 3 3 89 'iî 
3 6 60 62 5 1 178 172 K L Fo Fc 3 4 79 83 
5 0 31 37 5 2 81 82 0 0 319 351 5 0 41 45 
5 1 146 141 5 3 144 141 0 2 307 327 5 1 95 87 
5 2 64 66 5 4 82 85 0 4 236 242 5 2 57 59 
5 3 124 119 5 5 97 101 0 6 169 179 5 3 74 75 
5 4 27 32 7 0 85 84 2 0 28 32 
5 5 94 93 7 2 92 90 2 1 274 281 E . 10 
7 0 114 115 7 4 56 58 2 3 232 236 K L Fo Fc 
7 1 23 26 2 5 163 177 0 0 33 34 
7 2 126 126 B - 4 4 0 211 205 0 2 36 39 
7 3 24 25 K L Fo Fc 4 1 23 26 0 4 22 20 
7 4 86 90 0 0 95 100 4 2 184 180 2 0 44 45 
9 1 76 80 0 4 54 53 4 3 21 19 2 1 45 46 
2 0 39 43 4 4 149 150 2 2 30 33 
B - 2 2 1 87 89 6 0 45 45 2 3 35 38 
K L Fo Fc 2 2 101 102 6 1 103 96 2 4 26 36 
0 0 16 19 2 3 63 65 6 2 47 46 4 0 52 48 
0 2 23 25 2 4 37 39 6 3 80 83 4 1 68 67 
2 0 86 92 2 5 34 40 6 4 27 28 4 2 37 37 
2 1 71 72 2 6 50 56 8 0 23 25 4 3 54 60 
2 2 74 74 4 0 47 48 8 1 43 41 6 0 61 59 
103 
OBSERVED AND CALCULATED STRUCTURE 
H . 0 11 2 108 108 1 
K L Fo Fc 11 3 243 238 1 
0 2 536 537 11 4 107 110 1 
0 4 190 192 11 5 161 157 1 
0 6 31 34 11 6 27 34 1 
1 2 296 303 12 1 36 35 2 
1 3 61 63 12 3 53 54 2 
1 4 293 300 12 4 105 105 2 
1 6 142 144 12 5 136 136 2 
1 7 23 16 12 6 103 103 2 
2 0 27 25 13 1 48 49 2 
2 1 22 23 13 2 43 45 3 
2 2 86 89 13 3 48 50 3 
2 3 65 65 13 4 62 63 3 
2 4 195 200 14 0 85 77 3 
2 6 201 201 14 1 35 37 3 
2 7 25 21 14 2 87 86 3 
3 1 24 23 14 4 43 43 3 
3 2 57 59 15 1 21 24 3 
3 4 33 35 16 0 36 35 3 
3 5 36 38 16 2 28 28 3 
3 6 53 54 16 4 21 15 3 
3 7 23 23 17 2 27 30 3 
4 0 75 70 17 4 47 48 3 
4 1 35 37 17 5 33 36 4 
4 2 89 90 18 0 63 59 4 
4 3 39 40 18 1 26 25 4 
4 5 40 43 18 2 56 58 4 
4 6 22 20 18 3 62 63 4 
4 7 22 21 18 4 36 38 4 
5 1 42 42 18 5 75 77 4 
5 3 20 19 19 1 54 54 4 
6 0 43 40 19 2 30 32 4 
6 1 36 36 19 3 92 92 4 
6 7 43 42 19 4 36 35 4 
7 3 25 28 20 0 129 124 4 
7 5 40 42 20 1 205 206 4 
7 33 35 2 101 103 5 
7 7 49 52 20 3 111 111 5 
8 0 96 87 20 4 45 50 5 
8 1 90 90 21 0 20 0 5 
S 3 137 135 21 1 60 61 5 
8 4 89 88 21 2 51 52 5 
8 5 146 145 21 3 112 113 5 
8 6 79 78 22 0 28 25 5 
8 7 103 106 22 1 29 30 5 
9 1 111 112 23 1 31 32 5 
9 2 133 131 5 
9 3 213 211 B - 1 5 
9 4 132 132 K L Fo Fc 5 
9 5 123 125 0 -6 36 38 5 
9 6 61 61 0 -4 31 35 5 
10 0 326 310 0 -2 36 43 6 
10 1 472 465 0 0 66 66 6 
10 2 210 209 0 2 46 46 6 
10 3 268 268 1 -8 33 35 6 
10 4 61 62 1 -6 48 51 6 
10 5 29 33 1 -4 57 58 6 
10 7 35 36 1 -3 43 44 6 
11 1 102 102 1 -2 23 25 6 
FOR Cs^ZrO^ 
38 6 1 215 218 13 -2 56 57 
24 6 2 227 230 13 -1 44 43 
50 6 3 246 246 13 0 49 51 
33 6 4 209 206 13 2 115 112 
41 6 5 109 109 13 3 23 28 
36 6 6 64 66 13 4 126 127 
105 7 -7 180 175 13 5 39 43 
39 7 -6 47 46 13 6 87 94 
22 7 -5 171 172 14 
-6 87 89 
89 7 -4 43 44 14 -4 138 136 
96 7 -3 79 80 14 -3 25 27 
86 7 -2 72 75 14 -2 76 74 
124 7 -1 39 39 14 -1 59 61 
137 7 0 47 46 14 0 73 81 
136 7 1 24 26 14 1 106 104 
124 7 2 75 76 14 2 178 176 
36 7 3 103 104 14 3 58 63 
116 7 4 116 115 14 4 134 135 
33 7 5 165 167 15 -5 28 4 
187 7 6 90 93 15 -4 161 152 
74 7 7 107 108 15 -2 348 350 
196 8 -5 50 50 15 0 382 383 
60 8 -4 25 28 15 2 213 215 
109 8 -3 108 110 15 4 29 31 
58 8 -2 19 24 15 5 23 18 
94 8 -1 23 24 16 -6 105 106 
193 8 1 31 31 16 -5 22 21 
172 8 2 24 28 16 -4 173 172 
177 8 3 36 37 16 -3 43 43 
185 8 4 36 42 16 -2 100 100 
61 8 6 75 77 16 -1 44 47 
51 9 -7 27 25 16 0 65 72 
332 9 -6 26 28 16 1 42 47 
77 9 -5 39 40 16 2 186 188 
305 9 -3 57 58 16 3 48 47 
63 9 -1 150 147 16 4 162 160 
145 9 0 20 22 16 5 35 36 
25 5 76 76 17 34 
32 9 2 24 25 17 -4 65 65 
116 9 3 49 52 17 -3 26 27 
147 10 -3 40 44 17 -2 37 39 
412 10 -1 39 40 17 0 47 51 
335 10 0 26 30 17 2 36 34 
550 10 1 31 33 17 4 110 108 
346 10 2 29 35 18 -4 76 78 
517 11 -7 30 28 18 -2 56 59 
195 11 -1 36 35 18 1 23 22 
163 11 1 45 47 18 2 57 57 
51 11 4 24 28 18 3 46 50 
31 12 -6 32 33 18 4 23 24 
30 12 -3 43 47 19 -4 35 34 
61 12 -2 29 37 19 -3 37 38 
68 12 1 30 32 19 -2 67 67 
73 12 2 29 30 19 -1 39 44 
219 12 4 61 59 19 0 76 79 
81 12 6 82 77 19 1 38 37 
285 13 -6 111 110 19 2 38 36 
30 13 -5 35 37 20 -2 . 23 23 
103 13 -4 94 94 20 0 24 22 
204 13 -3 50 51 20 2 27 26 
FACTORS 
-1 37 
1 23 
2 53 
3 33 
7 39 
-7 36 
-3 105 
-1 37 
0 19 
5 88 
7 92 
-8 89 
-7 128 
-6 U1 
-5 140 
-4 128 
-3 37 
-2 115 
2 31 
3 189 
4 75 
5 191 
6 60 
7 103 
-7 61 
-6 97 
-5 200 
-4 175 
-3 173 
-2 179 
-1 59 
0 51 
1 345 
2 77 
3 302 
4 62 
5 141 
-7 29 
-5 120 
-4 147 
-3 411 
-2 315 
-1 537 
0 346 
1 540 
2 195 
3 162 
4 49 
5 33 
6 32 
7 57 
-7 69 
-6 73 
5 216 
-4 82 
-3 280 
-2 31 
-1 104 
0 209 
22 
24 
30 
49 
43 
2 
Fo 
26 
66 
341 
607 
513 
241 
64 
87 
58 
42 
186 
109 
238 
172 
32 
215 
247 
223 
362 
110 
193 
55 
160 
55 
167 
101 
61 
29 
91 
20 
106 
151 
105 
189 
56 
129 
64 
105 
132 
20 
18 
93 
41 
66 
80 
31 
28 
65 
99 
118 
58 
31 
92 
215 
147 
73 
69 
159 
85 
243 
75 
180 
334 
82 
322 
182 
32 
36 
172 
173 
360 
230 
369 
147 
132 
60 
41 
94 
142 
232 
83 
167 
215 
46 
286 
158 
248 
121 
89 
14 
134 
54 
54 
82 
123 
89 
27 
165 
79 
142 
71 
44 
57 
67 
115 
64 
71 
77 
40 
37 
102 
27 
104 
23 4 4 24 28 10 5 58 56 18 3 114 110 3 2 94 
26 5 -5 74 72 10 6 28 33 19 -5 42 44 3 3 220 
30 5 -4 41 42 11 -7 67 69 19 -4 73 73 3 5 150 
45 5 -3 61 66 11 -6 121 122 19 -2 69 73 4 -8 74 
45 5 -2 77 79 11 -5 132 132 19 -1 107 99 4 -7 70 
5 -1 41 43 11 -4 179 179 19 0 31 34 4 -6 162 
5 0 65 65 11 -3 56 60 19 1 135 134 4 -5 87 
Fc 5 1 27 29 11 -2 149 147 19 3 93 94 4 -4 243 
35 6 -7 32 34 11 -1 161 150 20 -4 50 58 4 -3 75 
62 6 -2 96 99 11 0 29 31 20 -3 153 152 4 -2 177 
346 6 -1 40 38 11 1 292 282 20 -2 99 99 4 -1 333 
621 6 0 48 50 11 2 54 53 20 -1 197 183 A 0 81 
527 6 2 48 50 11 3 213 208 20 0 93 92 4 1 318 
241 6 4 50 52 11 5 103 102 20 1 106 106 4 3 185 
63 6 6 48 50 12 -7 96 92 20 2 55 54 4 5 28 
87 7 -6 45 44 12 -6 115 112 21 -3 94 97 5 -6 27 
55 7 5 24 27 12 -5 40 45 21 -2 33 33 5 -5 175 
43 7 -4 44 48 12 -4 52 54 21 0 79 80 5 -4 169 
180 7 -3 28 34 12 -2 27 29 21 1 76 78 5 -3 356 
107 7 -2 33 35 12 -1 69 64 21 2 94 96 5 -2 227 
241 7 -1 50 48 12 0 89 88 22 -3 27 20 5 -1 368 
177 7 1 23 25 12 1 30 29 22 -1 62 58 5 0 147 
33 7 2 34 30 12 3 137 134 5 1 132 
214 7 3 31 32 12 5 135 135 H « 3 5 3 62 
253 7 4 72 69 13 -7 33 31 K L Fo Fc 5 4 43 
225 7 5 44 45 13 -6 47 44 0 -8 43 38 5 5 98 
354 7 6 87 89 13 -5 82 86 0 -6 54 54 6 -7 145 
107 8 -7 132 129 13 -4 56 62 0 -4 114 112 6 5 231 
194 8 -5 119 120 13 -3 92 93 0 -2 53 54 6 -4 83 
59 8 -3 39 41 13 -2 44 47 0 0 55 56 6 -3 167 
149 8 -2 52 53 13 0 38 37 1 -8 29 31 6 -2 213 
55 8 -1 26 25 13 2 58 59 1 -6 27 29 6 -1 46 
163 8 0 58 59 13 4 54 53 1 -5 80 79 6 0 283 
96 8 1 32 35 13 5 61 62 1 -3 111 111 6 1 161 
62 8 2 155 152 14 -6 32 28 1 -1 145 145 6 2 250 
36 8 3 102 95 14 -4 50 49 1 1 62 62 6 3 123 
90 8 4 163 160 14 -3 71 74 1 2 40 44 6 4 88 
20 8 5 75 77 14 -2 56 56 1 3 50 50 6 5 25 
107 8 6 84 90 14 -1 63 60 1 4 26 30 7 -7 140 
151 9 -7 79 80 14 0 68 68 i 5 64 62 7 -5 54 
105 9 -5 180 181 14 1 37 39 1 6 26 25 7 -4 47 
188 9 -3 155 161 15 -4 25 32 2 -7 70 70 7 -3 80 
59 9 -2 136 139 15 -2 41 40 2 -5 103 105 7 -1 121 
129 9 -1 33 32 15 -1 55 53 2 -4 40 43 7 0 88 
65 9 0 240 241 15 0 29 33 2 -3 62 63 7 1 27 
105 9 1 151 146 15 1 29 29 2 c 26 26 7 2 172 
134 9 2 263 256 15 2 25 27 2 2 27 29 7 3 80 
18 9 3 137 134 16 -2 32 34 2 3 74 70 7 4 144 
12 9 4 119 118 16 -1 29 31 2 4 50 50 7 5 69 
93 9 5 47 49 16 0 34 37 2 5 92 90 8 -8 44 
40 10 -5 136 137 16 1 28 34 2 6 29 26 8 -7 58 
69 10 -4 160 158 16 3 39 38 3 -8 98 92 8 -6 68 
84 10 -3 312 317 17 0 21 22 3 -7 67 67 8 -5 114 
32 10 -2 231 248 17 2 31 36 3 -6 98 99 8 -4 65 
29 10 -1 443 409 17 3 36 36 3 -4 52 55 8 -3 70 
65 10 0 192 188 18 -5 35 34 3 -3 21 24 8 1 78 
100 10 1 277 267 18 -4 59 61 3 -2 69 71 8 2 40 
118 10 2 49 49 18 -2 37 40 3 -1 21 24 8 3 33 
58 10 3 38 42 18 -1 25 24 3 0 112 114 8 4 103 
30 10 4 27 31 18 1 63 64 3 1 165 164 9 -7 26 
105 
9 -5 46 51 16 -3 102 103 2 4 
9 -4 80 80 16 -1 94 92 2 5 
9 -3 83 84 16 0 156 153 3 -8 
9 -2 96 95 16 1 80 77 3 -7 
9 -1 68 67 16 2 159 153 3 -6 
9 0 30 31 16 3 55 55 3 -4 
9 1 51 50 17 -4 32 39 3 0 
9 2 36 35 17 -2 85 85 3 1 
9 4 34 34 17 -1 49 50 3 2 
10 -7 32 34 17 0 30 30 3 3 
10 -5 54 56 17 1 68 69 3 4 
10 -3 64 66 17 2 58 56 3 5 
10 -1 65 62 17 3 44 45 4 -8 
10 0 18 18 18 -4 77 79 4 -7 
10 1 41 42 18 -2 35 35 4 -6 
11 -4 30 34 18 0 38 38 4 -5 
11 -3 25 30 18 1 45 48 4 -4 
11 -2 38 42 18 2 40 38 4 -3 
11 -1 95 91 18 3 61 60 4 -2 
11 0 60 59 19 -4 57 64 4 -1 
11 1 77 72 19 -2 82 81 4 0 
11 2 45 44 19 0 40 42 4 1 
11 3 55 51 20 -4 26 28 4 3 
11 4 36 35 20 -2 49 48 4 5 
11 5 47 46 20 0 50 51 5 -7 
12 -5 40 43 21 -2 36 39 5 -6 
12 -4 50 50 21 0 48 46 5 -5 
12 -1 20 20 5 -4 
12 3 41 44 H . 4 5 -3 
12 4 49 48 K L Fo Fc 5 -2 
12 5 42 45 0 -8 38 33 5 0 
13 -7 34 36 0 -6 107 107 5 3 
13 -6 54 59 0 -4 274 279 5 5 
13 -5 41 42 0 -2 299 291 6 -7 
13 -1 47 48 0 0 131 131 6 -6 
13 0 59 58 0 2 65 64 6 -5 
13 1 110 110 0 4 111 110 6 -4 
13 2 106 99 1 -8 85 81 6 -3 
13 3 123 121 1 -7 97 99 6 -2 
13 4 102 103 1 -6 151 147 6 0 
14 -6 81 81 1 -5 184 179 6 2 
14 -5 84 83 1 -4 85 83 6 4 
14 -4 67 67 1 -3 244 248 7 -8 
14 -3 139 143 1 -2 125 119 7 -7 
14 -2 52 55 1 -1 206 208 7 -6 
14 -1 174 170 1 0 260 263 7 -5 
14 0 152 152 1 1 136 129 7 -4 
14 1 116 114 1 2 163 163 7 -3 
14 2 142 138 1 3 60 57 7 -2 
14 3 54 54 1 4 25 20 7 -1 
14 4 36 41 2 -8 94 90 7 1 
15 -6 53 54 2 -7 46 50 7 2 
15 -4 184 188 2 -5 23 25 7 3 
15 -2 249 251 2 -4 118 116 7 4 
15 0 172 170 2 -3 39 41 8 -7 
15 3 27 31 2 -2 104 98 8 -6 
15 4 59 59 2 -1 157 158 8 -4 
16 -6 116 114 2 1 198 195 8 -3 
16 -5 85 89 2 2 131 130 8 -2 
16 -4 97 96 2 3 144 143 8 -1 
114 8 0 161 160 16 -4 27 24 
53 8 2 198 193 16 -3 65 65 
64 8 3 25 28 16 -1 67 68 
41 8 4 133 133 16 0 26 28 
108 9 -7 120 118 16 1 60 58 
76 9 -6 42 47 16 2 36 35 
69 9 -5 132 135 17 -1 23 19 
82 9 -4 123 126 18 -2 30 28 
47 9 -3 92 89 18 -1 38 43 
94 9 -2 242 229 18 0 61 62 
31 9 -1 44 44 18 1 104 103 
88 9 0 246 244 19 -4 81 81 
29 9 1 68 69 19 
-3 74 76 
32 9 2 119 116 19 -2 78 74 
69 9 3 43 47 19 -1 125 122 
46 10 -6 55 57 19 0 43 44 
120 10 5 115 114 19 1 99 95 
72 10 -4 123 124 20 -3 107 106 
116 10 -3 208 207 20 -2 52 49 
78 10 -2 145 134 20 -1 68 68 
65 10 -1 164 160 20 0 40 40 
47 10 2 50 47 
62 10 3 65 66 B > 5 
54 10 4 54 55 K L Fo Fc 
47 11 -7 50 56 0 —8 27 20 
28 11 -6 146 150 0 -6 27 33 
31 11 5 41 45 0 0 55 56 
34 11 -4 165 164 0 2 26 29 
32 11 -3 86 89 0 4 71 68 
55 11 -2 92 88 1 -7 77 71 
34 11 -1 200 200 1 -5 125 121 
32 11 1 195 191 1 -3 171 164 
39 11 3 95 93 1 -1 86 86 
26 12 -6 30 30 1 0 40 40 
45 12 -5 33 37 1 1 46 46 
36 12 -4 46 50 1 2 51 52 
126 12 -3 71 72 1 3 26 24 
29 12 -2 128 121 1 4 48 50 
98 12 0 110 108 2 -7 75 74 
118 12 1 90 91 2 -5 37 40 
73 12 2 54 55 2 -3 60 60 
74 12 3 126 123 2 -2 38 41 
45 13 -7 85 83 2 -1 75 75 
30 13 -6 46 47 2 0 100 97 
67 13 -5 79 79 2 1 28 27 
42 13 -4 43 49 2 2 112 109 
33 13 -1 25 30 2 3 31 29 
32 13 0 66 66 2 4 70 69 
24 13 2 88 87 3 -8 41 48 
53 13 3 26 26 3 -5 65 65 
52 14 -5 83 85 3 -4 81 81 
43 14 -3 112 109 3 -3 61 61 
29 14 -2 27 28 3 -2 159 155 
97 14 -1 77 76 3 -1 94 92 
56 14 2 22 24 3 0 144 142 
32 15 -4 36 30 3 1 169 165 
41 15 -3 48 51 3 2 78 76 
81 15 -1 49 50 3 3 147 145 
67 15 1 29 30 3 4 27 26 
77 16 -5 34 34 4 -8 97 94 
115 
51 
69 
40 
109 
77 
68 
83 
42 
93 
27 
88 
30 
32 
70 
45 
125 
72 
123 
78 
65 
47 
61 
52 
47 
29 
29 
32 
32 
56 
31 
30 
36 
25 
38 
33 
127 
26 
105 
120 
75 
75 
50 
27 
66 
35 
32 
28 
22 
51 
52 
43 
26 
97 
52 
30 
40 
81 
66 
78 
106 
4 -7 45 46 11 -7 24 25 1 -1 
4 -6 168 162 11 -6 45 46 1 0 
4 -4 160 160 11 -5 45 44 2 -6 
4 -3 159 156 11 -4 68 67 2 -5 
4 -2 117 118 11 -3 73 71 2 -4 
4 -1 219 219 11 -2 71 72 2 -3 
4 1 146 142 11 -1 49 51 2 -2 
5 -8 25 21 11 0 42 43 2 -1 
5 -6 26 32 11 1 69 66 2 0 
5 -5 129 129 11 3 58 58 2 1 
5 -4 80 83 12 -6 26 29 2 2 
5 -3 173 169 12 -2 45 45 2 3 
5 -2 79 79 12 0 69 67 3 -6 
5 -1 63 64 12 1 48 48 3 -4 
5 1 76 74 13 -6 25 27 3 -2 
5 2 40 42 13 -4 42 49 3 -1 
5 3 89 88 13 -3 48 46 3 0 
5 4 32 35 13 -2 23 25 3 1 
6 -7 155 147 13 -1 115 114 3 2 
6 -6 46 49 13 0 48 47 3 3 
6 -5 136 133 13 1 142 141 4 -7 
6 -4 127 128 13 2 88 87 4 -6 
6 -3 27 34 14 -6 59 58 4 -5 
6 -2 195 194 14 -5 118 117 4 -4 
6 -1 59 61 14 -3 144 141 4 -3 
6 0 168 165 14 -2 76 78 4 -2 
6 1 73 74 14 -1 117 114 4 -1 
6 2 66 64 14 0 96 94 4 1 
7 
—6 41 42 14 1 51 51 4 2 
7 -5 85 84 15 -5 25 27 4 3 
7 
-3 166 160 15 -4 105 108 5 -5 
7 -2 73 74 15 -2 75 76 5 -3 
7 -1 113 112 15 1 38 39 5 -1 
7 0 143 140 15 2 50 56 5 1 
7 2 145 142 16 -5 81 80 5 2 
7 3 34 37 16 -3 75 76 6 -7 
8 -7 64 64 16 -2 74 76 6 -6 
8 —6 49 50 16 -1 52 52 6 -5 
8 -5 55 59 16 0 98 96 6 -4 
8 -3 25 26 16 1 28 31 6 -3 
8 -2 44 47 17 -4 83 86 6 -2 
8 -1 110 109 17 -3 51 51 6 0 
8 0 21 22 17 -2 69 68 6 2 
8 1 110 110 17 -1 76 75 7 -4 
S 2 53 61 18 -2 51 50 7 -3 
8 3 61 58 18 0 64 63 7 -2 
9 -7 30 27 19 -2 45 46 7 -1 
9 -6 106 103 7 1 
9 -5 58 58 H . 6 7 2 
9 -4 113 111 K L Fo Fc 8 -6 
9 -3 54 54 0 -6 80 78 8 5 
9 -2 80 79 0 -4 105 104 8 -3 
9 -1 30 30 0 -2 46 47 8 -2 
9 0 38 40 0 0 53 53 8 -1 
9 3 35 35 0 2 84 85 8 0 
10 -7 24 17 1 -7 88 89 8 2 
10 -4 26 31 1 -6 85 82 9 -7 
10 -2 40 40 1 -5 134 135 9 -6 
10 0 33 34 1 -3 142 139 9 -5 
10 3 44 46 1 -2 114 113 9 -4 
85 9 -2 150 147 3 -1 84 88 
92 9 0 79 80 3 0 55 58 
85 9 2 20 11 3 1 105 106 
29 10 -6 45 44 4 -6 91 93 
115 10 -5 62 62 4 5 36 39 
96 • 10 -4 57 58 4 -4 71 73 
62 10 -3 67 65 4 -3 92 91 
158 10 0 32 36 4 -2 22 30 
56 10 1 40 42 . ^ -1 74 72 
128 10 2 56 60 5 -5 67 67 
88 11 -6 108 106 5 -4 23 26 
62 11 -4 64 65 5 -1 38 42 
28 11 -3 81 79 5 1 55 56 
57 11 -1 105 104 6 -6 35 41 
144 11 1 51 55 6 -5 44 45 
43 12 -6 33 36 6 -4 71 74 
117 12 5 67 68 6 -2 81 82 
75 12 -4 98 97 6 -1 30 31 
47 12 -3 43 42 6 0 26 25 
92 12 -2 101 100 7 -6 35 36 
58 12 -1 46 47 7 -5 97 99 
90 12 0 70 69 7 -3 93 94 
81 12 1 84 82 7 -2 65 68 
105 13 -3 65 63 7 -1 24 24 
43 13 -2 56 55 7 0 96 99 
59 13 -1 72 73 8 -5 32 31 
22 13 0 87 87 8 -4 57 59 
34 13 1 26 26 8 -3 97 97 
29 14 -5 99 95 8 -2 52 53 
44 14 -3 73 69 8 -1 131 130 
34 15 -4 23 18 9 -6 77 76 
45 15 -3 43 41 9 -5 46 46 
29 15 -2 22 25 9 -4 53 54 
54 15 -1 35 . 34 9 -3 34 36 
28 15 0 25 22 10 -5 31 28 
30 16 -3 59 56 10 -4 54 55 
86 16 -1 44 47 10 -2 37 39 
39 11 -4 55 55 
83 a - 7 11 -2 25 27 
38 K L Fo Fc 12 -4 74 74 
82 0 -6 46 47 12 -2 100 103 
38 0 -4 54 53 12 -1 33 37 
42 0 -2 49 51 13 -3 55 60 
28 0 0 33 36 
82 1 -7 83 80 B - 8 
61 1 -5 95 91 K L Fo Fc 
120 1 -3 52 56 0 -4 30 33 
108 1 0 26 27 1 -5 56 63 
54 1 1 28 26 1 -4 33 33 
45 2 -5 68 69 1 -3 42 45 
86 2 -4 36 38 1 -2 31 36 
93 2 -3 108 108 1 -1 22 22 
93 2 -2 92 91 2 -5 25 27 
55 2 -1 97 98 2 -4 53 55 
150 2 0 124 123 2 -3 64 65 
119 3 -7 63 62 2 -1 55 58 
92 3 -6 46 46 3 -4 120 120 
50 3 -5 77 76 3 -2 125 124 
80 3 -4 98 99 3 -1 40 42 
131 3 -2 85 87 4 -4 38 38 
86 
92 
85 
27 
117 
99 
60 
156 
55 
129 
90 
59 
24 
55 
145 
41 
117 
75 
45 
95 
55 
93 
82 
109 
43 
56 
22 
30 
22 
44 
34 
43 
24 
53 
24 
31 
89 
35 
84 
39 
83 
38 
43 
26 
85 
59 
125 
109 
53 
44 
86 
96 
92 
51 
150 
118 
93 
48 
77 
130 
107 
5 -5 52 50 
5 -3 36 37 
5 -1 26 28 
6 -5 42 45 
6 -3 25 26 
7 -4 52 53 
7 -3 113 108 
8 -3 38 42 
